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A study was made of the crystal grow th , electrical chara c-teristl U , op tlc.I l
absorption , and photoconductivity of mercury—c admium— selenide (Hg

1 
Cd Sc)

alloys and of the pseudobinary HgSe—CdSe phase diagram . Emphasis w~ s ~iven t
alloy compositions suitable for infrared photoc onductlve—detectot ’i~ in the 2.5—
2 .8 , 4.2— 4.5 , and 8—14 rn wavelength intervals. The li quid sis temp erat lrt’—Lo rn—
position curve for the HgSe—CdSe systom implies an entropy of mixing of —2 .69x
(1—x) J/mol , and the solidus curve conforms closely to that of an ideal solution
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The ideal—solution behavior of the solid solutions of HgSe and CdSe is consist-
ent with the small variation with x of the interatomic spacing . Hg1 

Cd Se
alloys with x < 0.55 solidify from the melt with the cubic , zincblende crystal—
structure , and higher—x alloys crystallize from the melt with the hexagonal ,
wurtziLe structure. Solid in equilibrium with the melt transforms by pen —
tectic reaction at 947 ± 4°C trom the zincblende to the wurtzite structure.
Large single—crystals that had average x—values from 0.16 to 0.33 were grown
by the Bridgma n method. All of the Hg1_ Cd Se crystals wefg n—type and had _

~~extrinsic conduction—electron concentrat~ on~ from 1.3 x 10 to 5.2 x lO17cm
Annealing in vacuum at 200—300 K reduced the conduction—electron concentration
in as—grown Hg

1 
Cd Se crystals by as much as an order of magnitude. Annealing

in Se—vapor at 2ö0—~00 K had l ittle effect on the conduction—electron concen-
tration but increased the ratio of the 4.2 K mobility to the 390 K mobility.
Ihe electron mobility at 4.2 K was between 5 000 and 27 000 cm /V~s fo r  samp les
that had 0.60 < x < 0.15, and the mobility was higher for smaller x and lower
electron concentration . At

2300 K , the elec tron mobili ty for  the same samp les
ranged from 1000 to 8000 cm /V~s. By fitting optical absorptance data for
Hg1 Cd Se crys tals wi th 0.15 < x < 0.30 , it was de termined tha t the energy
gap in electronvolts is given at 80 K by the relation E

~ 
= —0.20 + l.70x and

at 300 K by the relation E
~ 

= —0.06 + 1.57x. The infrared pho tocond uctive
responsivity at 77 and 300 K is l imited by radiative recombination of electron—
hole pairs , and the cxcc~ s—c arrier lifetime at 77 K in spec imens with approxi-
ma tely 1o 1M electrons/cm ’ is 0 .5  ~s. For Johnson—noise as the dominant
contributor to noise—equivalent—power , th e photoçonductivity r~ sults imply
th at Hg

1 
Cd Se crystals with fewer than 5 x io Ll elec trons/cm can have the

theoretical ~aximum detectivity under 300 K background operating conditions.
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PREFACE

This report for the period 15 Jul y 1974 to l February 1976 is the

final report of work performed by the McDonnell Douglas Resear ch Laborat oris’s

under 1 nlted States Air Force Contract No. F33615—74—C—5167. The contr,u ’t

is monitored by Mr. R. L. Hickmott for the Air Force M~Iter i~Il s Laboratory

and , eff ective 1 July 1975 , h Mr. T. D. Pickenpaug h for  the Ai r  Force

Avioni cs Laboratory .

Th e p r i n c i pal inves tigator is Dr. C. R. Whitsett. Co—investigators

are Dr. C. J. Summers , Mr. D. A. Nelson , Dr. J. C. Broerman , and Dr. B. B.

Ra th . Mr. D. S. Wright provides technical assistance.
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I — I N  I J l i ) 10 ’ C ’l I l l S

I . Ob j t ’ ttivt

i l t  i t t  j t.’~~~ i l l  t Ii i ~ 3 1 n t - ’ raIl: S I ’ . t o  c ot  l i h )  I i s  h t lie I i-a ~i i I— ii j y i t

dt ’\ ’elit b ((t l g so he cte d cnmp tisi t i on s  I n i l  t I n  m ,- ’i ;ry— , i , I:::iiiii ~—- ;&’ I e l I  ide a I It ’v

S\’ S t e Il > f o r  i n f ra r l ’ i  se n s o r  app i i t - i l  i o n s .  
~~

‘ —
/

I . 2 SCt ’~’~’

‘~~ 1 i : t ’ -S in P e r - c 1.15 re(Iuir cdl& ’n ts in t h r e e  w ; 1v 01. - 1 l , !  0 c - - ’ i i ’ i ~~~ ‘ I

i n t ’ i’a r1 .1 S3 ’ i ’~ 1 rum : 2 .5—2 .5 ~~. 1.2 —4 .5 > -  , . i u ~b ~ — I  I IS is . ‘I h i t  t - ~~;i l i .e , j - i i ’ ,

this p rt ’gr.in WdS i’ i Comp es  i t  i o n s  o f  na to unv—c.iilt’> i u n — s . -  l i-n 1 ~~ - ‘ . 1 1 1 1 , 0  1

these a’, i\ I - length reg ion’; . Pr int - i~~i tl (70 a t  l en S  t l i t  is’ t ’ l . - I t t  h e  - ‘ - . a 1

t h i s  t’es’- ,iI’ t - l> pl’ ’ .:l’am lir e: SIl O ; i I  1ev o i n p i i o  i t  j o l t s  , err, s - - a :  I ‘ l i i i ’ ‘,t’ , I V t ’—

leng ths ci i n t e rc o l  7 Are t btt -~~e t ’enlp os il j i l s  I ’  . e  I Iv . ‘r ’ ’ .-,: ‘
~ i t  h i  r u~ t ’u a H i  v

l a r g e  s i i ~g 11 ’— ~’ r v s t ;u l r eg i ons  w h e r e  t h e  rat in of : r i ’ r c i l r ’ t i t t t i , > :  1111 ) 1 is

r i n i f or n i l  Can s t i ’ i I ’ hi o ; l ~’t r ’ , h c  ,~~b ‘ i i ~~( e d  i i )  p r o v i d e  I e t ~- e.- i r r h e r  c i i i  : 1

Li on , h i g h c a r r i e r  i>~t ’hiit ty, md long carrie? li t  (j i : , i .’ S i ,  i l i t  ~ i -  
~~~ ‘ L i 1

f e a t u r es  such as t r i p s  l i t ?  , , i i i o r h t ’ . & - i i r r i i - I o . a 1 i i ’ :~i’ ?‘ . t i o  .0 i,’i. i t !  a

mo hj l j t ’ .’ to h o l 1 ’— meh  iii ty , ‘i ’  gi ’od s’ .0111 i t  ‘. i l l  L i t  1111111 it i i  ~‘ ,) t e t l  t i :  (

era tures to pernr i t h I gO—temp t r- i t  I r1 l i i i  H ’ — t I l t  7

1.3 I1~i t  i i ,n : i  1

‘l’llt ’ mer -ur ’ ’— ’ ;iil r.’, I rim—t o I I u r  l O t ’  t i  l i v  S v i - it i ’ ll l i : is  l l l ; lf l \ ’  j i l t  r i r .  1

app i l i - : tt i o n s  0 ‘‘‘o. i i i — i t.- t b . - i ’ i i t — t t f ~ >‘.‘ , i ’ ; t ’ l , - i ’ , ’ t  h ‘ i n  h i ’ ~‘aried 
(.~ ~~~~~~~~ liii’

t I i i ~ r a t  i t ’ i t  n ’ , e r c l ir y  ‘ c a d m i u m .  ‘- 1 , - r , ’ l l r ’. ’ — - , i t l n i i l i r — ’ i i - l e n i d c  H - i  s b p i i 1. r

a l l  ov sv- i  t en’, , hut it has not H. ‘n cI~ ’’-~ I .  li ed , in ‘- rt lo in’ ’ .’ In a I I v s

1- r y s t a l  l i e  in t w ’i  d i f f - n o n t s t r n t ’ t i , r ~~s b i t t  c h i t - f l y  in n ’ , . , . t i lt ; i l  t o y s

h i g h  f t ’ 1  t l u g  t , ’ : ’ v l i ’ r : l t u n i - - - ; and tii ;i s ; tr e ’i : i ’? ’ ~- d i f  t j c n l t  t o  t n . - p i i - . ’ th.i ~ ~ l i t .

h1gCd ’i’~’ a l l oy s.  The i - o m p o s i t  l en s  o f  h3 ’,F1IS1 ~i l  I o ’,-s h I l t  ;tl~i t I  i n ~p’ r t . o ’  e

I i ,  r in  F r h  red l I l t I’ I ‘c , I p ; ’  I i t - a t  i ‘lb  i - n ‘:ot  a I 1 i vi. ’ i n  t hi ~ - l i  i c • z f i i e  h I Ui oh -
s i  r u ct u r i . ’, ;n ’, c i  l. I l e  t . 51 ‘ t e n e t ’  i t ’ i si~~~’nd c ry s t . i  I - .1  i ”’ (n r c  f o r  h i g h —

c a d m i u m  comp ’s I t  i o n s  i s  n i t  a f a t - i  r .  I- - t ’ t b i i ’ n i - : ~~- ; l r chi  r i 0 3 1 ’ c :  I a b R ? .

.1 h r c ad r a n g e  l b  cnmp e s  i t  i t i n i - ~ i t t  h i - C b S 1 ’ - i h l o vo S- i S  p rupa i’ t - ; I ~~~. n i l  1 b i t -  I ;  i g h i

n i - I  t Hg tt ’ >np i ’ratures p r -  -n ’lltt d no ocr 111115 ; i t ’o h h t ’ i n.s

The re  11. ’’ 11(1 ~ilOd r ’ , I ,son ’, i  t h i t  U i ’ -  IL-~F’i8’ n I  i c ’v s  s h o u l d  l i t  I’ . t o

p r a t t l i i i  i ’ -. t h e  Hg C d ( i -  i i  l o v s .  F1i ’ - l i i  ti - till .- lle: ,- ‘  — h ; i n d  it l ’u i ’t iiri -s cii

I hi WI a I l i i v s  i n  n e a r  l v  i u . n  t I i i  , .‘ i i i i l t ht in i n i  i i  us  i c i i  ‘c I i i  c i i  n i l

- - _ _ _ _



t’pt ji’,iI chzi 1, 0  t Cr 1st L’s a l t ’ s i m i  lat ~. F b i , ’ l s’sl  s i g n  i f  i club I d i i  I ,‘ ?‘eili ’e is

tha t th it’ EI gCdSe a i I i ’v s  I F S  W i  I I I  ~t s t t t i t ’ h t i , j i n e t r i i ’ excess  of 11g . wh i c h  make s

them n — t y p e . ls’ l l t ’ l ’i’ , l S  the li ’ ’ , ) u i ’ t i a] h ’v s  term a t t h i  a hhg d c i i i  i i ’n c v . whi i~ ’hi

t ends  I t ’  make t h i em  p— t y 1 ii ’ . ‘fb ie ,ulnt ’ :iI lu g  p r t ’ t - i’d u r ~~’s .iiii h ,-l icmi ’,’;i l do~t : t i c t s

that mus t hi’ c m p l t i y i ’d N’ t ’ f l~~,~~~~i t ~~ t I l e  t ’ h t ’i ’ l  i — l i - a l  c b i a r a e t t ’ l ’ i s t  i t ’s , t h i o r e l t t r t - ,

ntis I be d i f f t ’r en t  I or  t h e  tw o  a F i t ’ >  sv st  ems .

Fi t i ’ t ’ny i ’i ’t l b g ( ’d ’Fe , i l  I t ’ ’ . ; It ’ n— t v pt-  , t lii >’ must ‘ i-  ;innt - .I L-d in  h g  v ; ’hbo r

to n,-dnc , ’ I lit ’ II ~’ ,— v .1 -a l le y c a n t ,  ‘ ‘ I  I n i t I t ’fl i l l  n s— g  nt  ‘wn m a l t  r i . i  I ;t o l / ’ n ehioni I cii

denu ’r—il ’pan t o  01151 hi ’ added to  t hi ’ me I t d n r  i 11~~ t ho i  r ~ice ’ p . i r ; i t  i t ’ l l ,  if div i c ’Cs

n.u J~ I rem l i t  l I gHt  I c  mus t  H1 ’ c~ite r~t l e d  i n  a v a c u u m  e n c l o su r i .  t i n  c l  l t i v  w i l l

h i n d  t o  l o s t ’  H g and t i t u s  i lk ’  e f f e c t  t t f  Fh g— v:1 t ~i ’?’ ~inni ’;i l lu g  w i l l  he p ; i r t i a l l v

i’i - ’,-ersed . .- \ s—: ’ ,n i ’wl l  l b 1’,C1i 51’ hi ;is an excess  of  H g ,  w h i c h  must be r i ’ i ’ ; u t v t ’d b y

ann~’ . t h inc i n  V i i t ’u um .  A b b g ( ’dS t ’— . i l  I t ( \  d t ’ y I i ’ i’ w i l l t h u s  hi ’ s t a h l . . - i n  ;1 i’hli ’lll l li l

t i l t ’ 1  ‘ - inn - u .  F u r t h e n n ~~’ni ’ , : l l ’ t ‘ ‘ I ’  sn i f i c  l i n t  dcvi’lt’pmi’nt 01’ p u r i f  h at  i o n  and

i ’ 3 l , .n i  ‘al—d ,t t ill , ‘ii ’t l iods ‘or  b b ~’,(’dS’ , i t  s ho u l d  be p o s s i b le  to prepare t i~~’se

,t l l t v s  n i s  l i — t y p e  w i  I i i  less u ’ u t lnp , ’nsnt  i n ’ ,  and t h u s  hi ig l i t ,’r i’l~ ’t ’t r o n  m o b i l  i t  it ’s

han  n— ty p e  I l (  t i l e

‘liii’ c r~ -i t a I — I i  t~ t Ice in i sm a  t t ’li O t t  ween t h e end—point compounds , FlgSe and

t d 5 - . i i  t b ’  HgCd St’ sv o t i ’ n l  is  vel’> - s m a l l , and this favors the ll l’ t ’lt ’t  I i

I . ir g e  • S i n g  Ic 0 ?‘\s La ls eVen wl it’n t h e  .11 b y  col lipi ’s  I t ion i s  n or . un i f o r m .

“1 ‘ r l ’ u ’\- ’ , - r , b , ,,’u ’~t u i-i t ’ I ’  f t h e  c I l i St ’ C r v s t  i i  — I a I t  ji’C nid t ’  c l i , t h e  cen t  r 1 hut ion f r o m

l , t t t i c t - s t r a i n  t o  t h e  I I  l o v i u e  , - f  H - c t ’’ on t Ot ’  h i tt  le t ’  vibr ations and t ’ h t h t r g e —

L . l r r i i ’ r  m o b i l  i t i e s  w i l l  he m inima l Icr the }IgCdS u a l l ey s .

T b ’  d i t  l e r e ’n c i -s i n  thti ’ ihomin an ? d~’ I . . - C t s , h g inte rstit i ;i l s in the HgCd Se

, t l I t ’\’S 1111(1 h g \ ‘ac t ? l i  i t ’ s  i i )  llgCd’I t ’ , n n d c i u h t e d l v  w i l l  he reflected in d i f f e r -

ent i - i  i n  t b t t ’ u - b i ~i r ,gi ’— c a r r i t ’r t r a p p i n g  and ,s u r f ; t u ’ e s tat e s  h et a ’ i ’i ’i i  t h e  tw o

c i  It ’’.’ o\’s ht-r ~s , hll t hio ugh ? th is hi ;is n ot  v e t  ht ’i ’u s t u d i e d . The d i f f e r e n t

1101 , 1 1  d ’j t , n i t s  that 0 1 1 . 1  he 110, 1 t t ’  control the i’liai ’gi’—i ’ari’i er coflcefl—

t r . , t  I ’t i ’-; i n  t Ot ’ twt ’ ~iI I t ’ . ’  sy’,t ‘ins s i l l  1 i k e l v  u ’ , t l i s i ’  f u r tl i e ’r  d i  f t e n t ’ n c e s

11? ? r t ( (  1111’, ç 1 IR’ t14 ) flht’ l l ~i a u t h  ( ‘ i’ll - n - ‘~‘ u u t  i v  t l i t ’  in  f r i  ?~i ’d phio ti ’ct ’n hu t ’ t iv i t ’ . ’

r t ’ ’- ’p u t n s i v i t  ‘.- md ?‘ t ’ ’ - i p t ’ l l  ‘ - — I i n : ’ - .

I l l  t O t ’ l o t s  i s  u t  I Is ( n t - s l i t  l u n d i ’ I ’ o t , t l l d  i i i > ’  ‘f t h e  H gCd St ’ ;i i I t ’v s , t h e

p 1-
’ ‘ - - g ’ .  I i s  p r a i s i n g  t h i . t t  t i n y w i l l  I ’ -  s u p e r i o r  t o t ’  ;ipp l i e ; i t  h u m s  t h a t

t- i ’ qu I I ’ . I . t r ~~. , h l t ’ t n n u ’ ’ t ’ l t ( ’ O t l S , s h n ~~h , -  c rc ’ s? - t I ~ of h i gh — m o b i l i t y , n — t y p e ,

snl ;t  I 1 — i  ‘ ‘~~ ‘,‘l ’ ’  I i  t i n i  band —~’ ,. t~’ , s- n i e ( ’f l d l l c I I t i g  I’ t . ’r  i - i l

‘1

it.
’ - 3,. ‘,‘ “ , ,

“ .. ‘•‘ “ “.‘ • ‘
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2 .  TIl E Hg
1 

Cd S, 41,1 IV SYS F I S h

2 . 1  C ry s t a l  S t i ’ n r ’ t u l ’ t a n t I  I , a t t i t ’ e C o n s t a n t

‘l’he comp ount h  h g5..’ t r y s t  i l l  i s ’s  in tilt’ t u b I , z j u t ,  b n l  , - r , l ,  -~ t r u t  t no’. I n

t h u s s t r u c t u r e  t h e  i-hg atoms t’orm a I , i t - i ’— t - t-’u t c n t - 11— t - t i h i c  suhl .utt ice . .1 11,1  t hit ’ I ” ’

a tom s  fu’rm a n o t h e r  f a c t — c e n t  e r e t h — t , ’ i i b i c  sub I a t t  ~~t t ’ ii i~~p l~it ’ . 1 c i i  ~~ —- I n a r t  ..‘?  ?

b ody t h i  ,ig~’n ni 1 1’ roni t i l t ’  Hg I a t  t i i c  . Wit bin ;i t I ll ’ Ic 1.111 it c i i  I i t  t ’ u i g t ’ I ( • t I l t

coord hint t n -i c i  t h e  n i t  u ’rn s I r e :

Hg: (0 , 0 , 0 ) ,  (a
0

/ 2 , a
0

/ 2 , 0) , (n
0 / 2 , 0 , . i

0
1 2 )  . (0 , a

0 / 2 , nl 2 )

Sc:  (3a
0/4 ,~i

0/ ‘i , a~~/4 )  , (a
0

/ 4  , 3li~~/ I  , a
0

/ F )  , 
~~~~~~ 

, ii o /4~ 
( .l

u
!4 )

I l, i
>~

/ : t , 3a 0 / t~~ Ia / - i ) .

The l ; i t t  i ce  t ’ t r n n i t a n t  , ii~~, ,lt 20°C b i l l s  O tt O measured :ts 6 .088 A by ( r i ; ,
I ’ ° ‘1

N i s t t i r . and  N i t ’ i i l t ’ si :u , 6.08 5 A h ’v Swanson , G i l  I r ’ i c h i , and Coctk , c .086 -S by

Siu gh and I ) a v a l 3, and b .086 A by  k ; i i b  n i n d  L - u t u ’
t

The compound (ShSt ’ c r y s t a l]  i Ses i n  t he li N e’, ‘11 , 1 1 , wur  t z I t o  s t  rue  t t i r e .  T li i ’

20 ° C h a t  t L u ’ t’ cons t liii t 5 ni h11’Ld c h i ; i v i, h i ’ , ’ l b  ‘i t - , au  red is  -I . 2~~) an d 7 .0,1 0 .\ by
5 ° 6

Swanson , C i ]  In c-hi , n ind  Cook , -5 . 300 and 7 . 1121)  iS by  Ki lt  and Sloli , ; i s k i i  , 4 . 3 0 9
0 —, 0

and 7.02-5 A hv S t l l , ’ki ’S  and g i r t h 1 ’ , F .  HIS and li . l I ( I ’ -l .\ b y Cn u c t ’l ln , l  l l f ld

Nj c n l c s c u
8 , m d  4 . 1 1 1 1  and 7 .0 1 4  ~\ On - K a i h  and l.entt ’ 

l

‘tilt’ zi.nch]e?ide and  w n r t z i t i ’  I a t L  i t ’s a r e  0 t h  f o r m e d  On - - > , - t  n , i h i i ’ ’ I r a l  ho ii , 1—

ing  be t w e e n  an  3 , 1 1 1 5  and i ’ ,l t I u t l ’ , s .  ‘ i l i e  c ( u ’ s i ’’-i t p a c k i n g  of  a t o m s  t ’e cr i r s  l U  t i l t ’

i l l)  p l a n e s  u t  t the xi n c h  I tilde I l l  t t i n t ’ , anti  h i t ’ I i l l  } p 1 . ini ’s t ’  I e a c h  . 1 1 t h ’ ,

spet ’ les have an ABCA B C~ 
. - ; t , i u - k i r i g s i - q l i i ’n ~’ t ’ . ‘hue p a ck  i n g  i s  i d i ’n t  i , . ~ I i n  t h e

w ur t z  I t e  {0001 } p lanes , h u t  t b i t ’  s t a c k  l u g  se qu en c e  i s  Aht .-\b )~ ‘ .

The Se—Sc ’ i nteratom H spar i ng is f l i n t  r 1’.’ eq u a l  i n  blg St ’ ( -
~ • ( 1) 3 A l  m d

2dSe ( 4 .  301 ,\) . For c om p a r i s t ’ll . t i l t ’ T e— i ~ ’ op a l ’ i ng i s  4 . 5 6 9  A in  u g h ’ . l l l d

-S . 58’h A in  Cd’l ’ , b o t h  of w h i i ’h h a v e  tI re zinu ’hI t m!, ’ s t r u c t u r e .  [l ie  ; l : i I ~~l t b

Ka lb and li i i  t i ’
4 have  been used to c i  15 t r i le  t t I n ’ p l o t  • 5 b r t wn  il l F i g u r e  1 .

t h e  S e — S t  i l l  e r ,~ t i m  I c  5~~ilt’ Hg as . i  t tine t ion i f  x f o r -  t he Hg th i S, ’  sc’s t e r n .

An - i x i n t  r e  i :-4 t ’’I , t Iii. ’ in I i ’r l l  t I ’m  ~~~‘ S~~ i l u ’ 1 ng  s I ow I ‘.‘ di ’..’ rca si’s n u t  I I  x = 0 . h 5 ;  t Fit ’

I n t c r ; l t , ’m i c s p i c i n g  t h e i r  d e c re a se s  rapid l y . hI&’tween x = 0.77 ,uui d x = 0.51 ,

I i i ,  y i n c b l i ’ n d t ’  o h  r r i u ’ t t i r e  t r a n s f o r m s  t o  I i i ’ so r t  ‘i t t’ s t r u c t u r e  ~i t  21) ’C , , c j ~d

drov e  x = 0,81 t I l t ’ S, ’—S ~’ i n t e r a t o m ic  ; I ’ : l t ’ i i l i ’ ,  i s l u t ’ ,- i l ’ l v  ti lt ’ 501’,]..’ itS hi ’ ! ’ S “ (1 . 6 5 .

- . ~~~~~~ ~~~~~~~~
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Figure 1 Se’Se and Te’Te interatomic distance as a function of x in the Hg1.~ Cd~Se
and Hg1 5Cd~ Te alloys

T h e  v n i r i ; i t  ion w i t h  x of the l o t  t I t ’ ,’ c o n s t a n t s  f o r  the  Hg Cd Sc and
l—x x

Hg
1 

Cd Ti’ sy s tem s  i s  sh own  i n  F i g u r e  2 w h ere t h e  plot f o r  t i m e  w u r t z  E t c  phase

of Hg
1 

Cd Se is  of i ’ , m b e c a u s e  t in  is q u a n t i t y  is d i r e c t ] >’ con p ur a b l e  w i  (n i l

t h e  c u b i c  I n t l  i c e  c o n s t a n t , a~~. th e l e s s e r  d e p i ’ nu h e l l c t ’  on x of the lattice

cu ’n s t a n t  of  h g 1 
Cd Si’ a]  J oy s  c ompared  w i t h  t ile Hg 1 

Cd Ti’ al lo y s c o u l d

t ’aust ’  m m p o r t m n t  d i f t  e r t ’ I l i ’ i ’s h , ’ i O ’ i ’ i ’;l t h e  t W i ’  allo y sy st e m s  i n  t h e i r  c

c r t i w t b i  behav ior and 1 i t t  ice  v i b r a t  wall] s p e c t r a .

2 . 2  [i l , ’r g ’;  B a r d  S t r u m e t u i r i ’ ‘I  Hg (hi Sc - S I  l o v s
- - x x  -

Thit ’  me r c u i r v — i ’adm i n m — s , ’ h  en 1( 1..’ II I u l y s  can he i ons idered as ps. ’udoh i n a ry

a l l oys if h lg S~ ’ . 1 1 1 t h  ( u S , ’ . ‘the c o m p o s i t i o n  of a p a r t i c u l a r  a l  I o n -  is s p e c i f i e d

by t I m e  m o l t ’ f n ; i ’ t  h u l f l  ‘ I  h t ’ h ’ , x , ;mn d  t i l e  s t o i e l u i o m e t r i c  f o r m u l a  is H g Cd Sc ’.l— x x
t - t ’titp uuni i ln ’ ,h. ‘ hi - - a an I l u ’ .’ ( ’r t i t I  ‘1  t ’ , ’ tron—energy—band s t r u t ’  t u re  c i i  a t  lye to

that of ( I d S . . ’ , s i  I h I l t  b l , ’ , S i ’ i s  r e t  , ‘ i r t ’ t l  I i ’  as  a s e m i c o n d u c t o r  with a ‘‘ni ’g ;mt i v i ’ ’’

i ’ r m i ’ r g ’ .’ — b i  h i  g ap .  (- :11 ’  ‘ I i  .111 ii Ii’’ .’ ‘ct w.’efl Od Se ;ind hh g Se is  grown as a homc ’gene—

O tis I 11 , 1 . ’  t i C s ?  t i  , I u -  i l  o t t  r i ’ n — t ’r l t ’rg v band—gap of the 11] Ion - i s  i n t e r me d i a t e

t h e  posit ly e  g i p  ot  O t I S , ’ nn d  t i , - n t ’ g l t  l vi’ gap  of Fig Se. l’he hand—gap magni—

t iidc v I r u s w i t h i  t O -  m o l t ’  n i t  I t ’ l l  of i :~ls, , x , i n  ti n e alloy . This va r i a b i l i t y
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of the  semicontiuc  b r  band—gop w i  Lb conipo s i t  ion  i s  shown si’ii t ’nia t i ~‘ .i I I  ~ i i i

Figure 3.
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Figure 2 Variat ion of cub ic un it-cell lattice ’constant with x in the Hg 1.~ Cd~ Se and
Hq~ .% Cd X Te al loy syst ems , fo r the 

~~~~~ .x Cd~Sv atlo ys with ~ “ 0 8 1 , ‘,, 2 a IS

plotted where a is the hexa qo n al unit-cell ed qe

N,, - n i  - - ‘ - ‘ cl
B arn m i  Structure 5 . , , , : I
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Figure 3 Transition from posit ive to negative band-gap in the Hg1 ~Cd~Se system ac x decreases
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2.  3 Ps t im ated S-’ . t ’ Ia t i c i  i R.m n iI G~mp w i t h  Com p o s i t i o n

Tu e band g~ p of a °i’’’’- i~~it ’ eompos i t i on u I  Hg 
1 

Cd Se a l l oy  II 1 s~’ si gn i

I icant I v  depends  upon  t t ’t i i pe  r~u t i m r , -  . ‘ l h i t ’  1- 0511 I t s  t m f  Lehoc zk v  , Broerman , Ne I son ,

and W l m i t s e t t
9 were  used  (or  t i m e  t e r i p i ’r l l t u r t ’  dependence  t u f  t h u c ’  hand  gap i n

p u r e  HgSe , and t I m e  b~mnd g i I ~ ) oh  ( ‘~i S , -  It various temperatures was estimated

from da ta  in t u e  I it t ’r nI t u mr i ’~~~. .\ 1 i t l t ’ . i r  v ar i a t  ion of band gap w i t h  x Was

assumed , and the plots of Figure c t r r t ’spond 1mg to t empe ra tu r e s  of 77 Lund

300 K ‘,‘,‘i’rc c o n s t r u c t e d  and tist’d t , ’ pr ovid e preliminary estimates of the band

gaps and the corresponding intrin sic pluotocoriductivity wavelength—limits as

functions of the  a l l o y  c o m p os i t i o n .

On the basis of the plots of Fig iu rt ’ 4, tiu e alloy compositions suitable

It 77 K for the 2.5 — 2.8, 4 . 2  — - t . 5, and 8 — 14 jim wavelength regions were

estimated t o  h e  x = 0.33, 0. 2-5 , and 0.16 , respectivel y.
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Figure 4. Estimated dependences of the energy-ban d gap on x for Hg i ,~ Cd~ Se alloys
at 77 and 300 K
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3. PlL\ SE 1)1 . - ‘. . k -\N 01” l ’llE H gSt ’— C dS ’ SY STE~.1

1.1 hi~ [l tJ_d~ L_s, i n t l S e h  i u h u _s I ’ c i h h j i .. ’ r . l t l u l ’ i -s

Tin a n a l  n-’ze t hue results - ‘ I d ir t e r e n t  - rv s  t -i I — g r o w t h  t i r o t ’ t ’dures , i t  is

ne c i ’ s s l m i ’n-’ to know t b ; e  I i q u  idu s  and O u t  I i dus  ,- u r ve s  over  c e r t a i n  r i g  i o n s  of tbit ’

,‘rn a r n - ’  H g — C d — S i ’ cull ov sn - st err . ‘(lii ’ r, -n o t , - i ’ i tori’s of t In ’rm ~i 1 — .- m r r c s  t i n f l e c t  i o n s

i n  t in t ’  h ea t  i n c  :mnd ,‘ otn i in c  i ’ i i r v i ’ ; - - w e t , - i ’,;, ’ , m s c m r c d  t u i r  Hg Cd Si’ III lov s with
I-x x

x = 0.12 , 0 . 1 0 , 0 . 2 0 , 0 . 24 , t ) . 3 ’l , 1 . - , ) ) , ( ) . ‘+ 5 , 0. 50 , 0 . 5 5 , and 0 .60 , and from

thesi’ d at a  t I n t ’  1 i q u i d u s  and s u l l  idus ,ul rv , ’’; f o r  t h m , ~ HgSt’—ri v -h i , ,-‘, ini ’lnl end e

phase wi re determined.

‘l’h e resul to ; lcc  sunmma r i zed in ‘I’ .ihl i ’  1 . ‘l ’lue 1 1 q u idus tempi’r;m t m i r e s  were

determ int’d f r o m  therm ;i  I a r ri ’s ts ,k u r  I r~ s lu ’s’ c i i i  i ng o h ’ tilt ’ me Its , and the,’

genera l I ‘
~
‘ we r e  s h a r ply  d i ’ t  I ned . ‘l’l u t ’ su ’l  idus t t’nlp era Lu r e s  were oh a int.’d from

therma l ,irres ts during heat ing, a n t i  they ire less occu r-h r ‘ b,’,- .- m i m s, ’ the solid

alloys were not  pi’rfe..’ t I v Iiu tm ui gcn , ’i ‘us .

TABLE 1 PHASE-DI AGRAM DATA FOR THE PSEUDOB INARY HgSe’CdSe SYSTEM

Mole fraction So l idus Per itectic Li quidus
temperature temperature temperature

0 e , x b °Cb 1°C) ( °C)

o ;~~~q
’

12  8 1 5 ~~~8 8 6 0 ’ 8

16 835 5~~~G . 8 9 0 5 ’ G

20 840 + 10 910.6 ‘ 5

24 9 2 8 ’ G

33 858 ‘ 12 948 ‘ 5 972 ‘ 6

40 890 ‘ 10 951 ‘ 5 1006 + 7

-15 9 4 /  ‘ 3 1032 t 4

50 07-2 t 8 ~. i- t , l ‘ 4 1053 , 5

55 - I-Il ‘ 8 949 ‘ 4 1079 5

60 ‘(/7 ‘ 12 1093 * 7

100 l2 39~~

1 , 1 1-1,- I ’ , , , ,-  13
li - u - . - ’ , - I I 

‘C . , ii’_ - , r , - . - ’i,’,,, i,.,l~~,, -i  ~~~~~~~~ 
I ~~~~~~~~~ ‘ - ‘ ,,I~

8

_, ~~ 4IiW’
- 

~~ , .,hY. ~~~~~~~~~~~~ . 
..~~~~, 
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The ti ps first to fret’zt ’ from melts with x = 0. l i t , 0. 4 , 0 . 2b , 0 . 3 1 ,

and 0.40 had the compositions given iii fabl e 2. lime coinposit i o n s i i i  the

c r y s t a l  t i ps were  c a l c u l a t e d  f r o m  t im c ’ir t’;&’.- u s u m r e d  mass  d e n s i t  i t ’ s , and  I is” .

should be the sol i dus compos it i o n s  ct)r respo n d i n g  t i i  me It ii q u m i  dos t crnp—

era tures. Because the t ips may not Iia~’c bc ’, ’ I l t i n l u ’ g i ’ ? u t - ‘ u s  • t l i i -  c in l n l j l t  s i t  l O f l O

1 iste~d in Table 2 r e p r i  sent ml n inmtini Cli l o t ’s .  I n a s m u i c i n  is h it ’ so! i d u ~ t i m p —

e r a t u r e s  in Tab Ic 1 s in o u l d  u 1 s t ’  be In tl i t num i m va 1 l i e s , t h e  t. ru t - s, I i  dus  u ry e

f o r  t u e  Hg Se — C d S i ’  s n - - s t e m  s h o u l d  l i t ’  ( ‘i-i  w et -n a c u r v e  con st  r u .  t c d  I r . ’ ; , ’ i 1 ic

data of Tab le  1 and one c o nst  r m m c t e ’ ,I f t’ t ’r”. t O t ’  th ata of Fab le 2 .

TABLE 2 COMPOSITIONS OF SOLIDS TO FIRST FREEZE FROM DIFFERENT
Hg1 .~Cd~ Se MELTS

Mole fraction of Liquidus temper ature 1 
Mole fraction of CdSe ,

CdSe , x , in melt 1°c x , in solid

0. 16 885 0 3 1
0,24 928 04e

0,28 950 054
0.33 912 060

040 1006 069

Time su ’ I idui s m d  I i q u i d u i s  p i n i n t o  h i’ , ’tl ,  ‘ 1 - 1 0 1 , -s 1 and 2 s’, i -  use d t o  con—

sl. ”u c t  t il t ’ p h . m o i ’ d i . i g m ’ . in i  s h u o w m n i n  Fi ;;ui i 5. ‘(h i - i  b l e S t - — O i lS , - p . u — l ~’ di .meram i s
w it  c o n ven t  j t ’ n , i l  ‘ ‘ i ’ . m u m s t ’ i t  ,lo ,~ ; l l u ’ t  u’ u ’ j t t ’  , si -n t ‘h.is, ’ cc i i i I f b i ’ i ; i  m t  a i ’ u i r l s t . , r ; t

pu ’i ’ssti rt ’ hu t , r . l t ’ i e i ’ , - I t  d ifferent I ’ ? ’ i ’ss m r ca  u i i - t e r m i n i ’d l iv  t h u ,  so] ‘ h — I  i q u i ~ l —

vapor i ’ c t u m i I i h r i u m  for ‘ ‘ u  1 m l  l i t ’ ,’ i - t u l n ) ’~ ’n- . j t  i on .  i i -  a u  i , i u i ’ ;  , ‘ i i t ’ v , - l ; , ,~,’p i n
F i , ‘, u r.’ S ‘h .  0.- s hi i f  t s I g i l  i t  i i ’a tn t I v - u s  a I un i t ion ‘I p ? ‘ i ’s s l  mr  - , h i m t - i - i  w i tO r. ui ’

Hg ’ b ’ ’ — Ot I T t ’  iu v - - i t t m ’ 1 ,12 t hit ’ I i i ’ , u i u l , i ’ - . u ’ i u r \ ’ k ’  i s  not  i ’~~pt ’i ’ t t ’d  t , ’ 0, ’ m a r k e d l y  d o—
n - p - l e n t  on p t

i
.~~~~ ,.,:: ‘~~. •. 

~~~~~~~~~~~~~~~~ 
- ‘ 

‘ 

- - -  —.- ‘ . 

I

_ _ _ _ _ _ __ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—

~~~~~~~~~~~~~~~~~~~

--
~~~~~~~~~~~~~~

-

~~~~~~~~

1300 ‘ - - - - I

1200 — —4

1100 r— 
L i q u i d  L i q u u d

~\5,r tzt tt ’

U

0
1000 —- —

I ~~~

- 7 u, - t t l i ’ ’udu .
yoo l —

- 0 Wt ,rtzitc

800 

-

~ ,‘ ,, ‘ - ‘ l i i i ’ 
~~
“ 

~~~~~~~~~~~~~~~~~~

700 — - .,, j,,, ; I I I
0 0 2  0.4 0,6 0.8 1.0

Hg Se 5 11,1 ’- I ’  .tu ~t uO i i  i0 CdSe , CdSe

Figure 5. Pseudob inary HgSe-Cd Se phase d iagram; error bars are for therma l .arre s t
data points from Table 1; open circles are solid-composition data from
Table 2

3 .2  Per i t e m ’  t i c R, - a t - t h i n  and M i s ’ i b i l i t v  P~-ij~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
‘Fhu i’ data f u r  ill I on s  t h a t  had x — v , - u l u c ’s b e t w e e n  0 .33  and 0 .50  e s t a b l i sh

the e x i s t e n c e  01 a p e r i t e c t  i i -  r o u t  i on  ; m t  0 5 7  + 4 .0 ° C . Below t h i s  pen —

t t ’ c t  ic  t e ’ m p c ’ r ; i t m i r m ’ , t i n t ’  s i u l  Id  i n  equil ib r i tini w i t h  l i q u i d  has t h e  z in c b l e n d e

cr v s .- m 1 sI  r m u ’ t m i r i ’~ , m l n t u v e  t h e ’  p e r i l  i t  ic tu .rtu !i t ’rature , the Solid phase has the

wur t z i t u- crvst - il st m c ’  tore. liii’ r eg ion  of m m  jOt’ iii  i I I ty of t lie zincl’ I ende
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and w u r t z it c  sim i id phases  m d  i t ’a t , ’d hi I- i g u r i - 5 i s  .a I u t ’ u ’ l i I . u i  I ’ .’~~, I l l  i i u i i i g iu

Na lb and L eu t e
4 

e st a hl  ished t h a t  t hue in I se l b  i i  i t  ‘. gap  - i t  0
0
0 u - x t  ends  t ’ r e n rn

x = 0 . 7 7  to x = 0 .8 1.

The ex i s t ence  of  a per i tec t  Ic  r ’ m . ’ t i on  and s t i l  i d — t n  I s’ i b  j i l t  v gap b e t w een

the  z i n c b  I ende  and wu r t z  i to  phases  ,!,t ,s not  p c - r e t -p t  i h l  ~‘ h n c ’ r t u i r b  t h u t ’  I i q u i du s

and sol idus  c u r v e s , wh i ch  v a ry  smoothly l,, ’ I ,S- t -u’ I u  the end point c u n n t p t n s i  t hin- - i t u l

H g Se and ( d S , - . F l u e  w u r t z i te  c r v s t - ’l s t r i m u - t m m r t ’ f o r m s u n i v  f o r  x va l t i t - - - i  l m i ~~h u , ’r

t h an  t h u u ’ ~~,- ‘ i t  inupor t ~m m i u ’ i ’ f or i n f r a r e d  dt ’t ’ ’ i - t m n r  a p p !  i i -~u t  I u ’u l s

3. 3 I’hcert ’tical An alvsis oi B i n a r y - - A l l ov l’hasc Di a~~ra m n ;

b ” u r  two c o m p o n e n t s . A 1111 ,1 B , w O k  0 l I r e  m i s c i b l e  i n  a l l  . r i t p s i ’ t t on s , t h e

p h a s u -’ d i L m g r a n u  is q ua l  i t a t  i v e l v  uls depict ed in Figur e- 6. Sh e  mel  t i ns  t empera -

tures i t i  t I m e  pure components , A and B , .t r , ’ d e n o t e d  by T
A 

an d T
B . rt ’s hie ., ’t ivelv ,

where T \ 
< T

8
.

TA~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(

Solid

x I
~ iI

~
1 ,1 - ‘ — ‘ _uu ’ t ’ , , u t  B

Figure 6 Phase diagram for homogeneous , monoton ic , binary-alloy s ystem
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n

Tiu e c iuanges  In  t ui - e l u e t iu i ca I p t u t en t  ía  I s of t hi ’ two c on u p o n e n t s  r e s u l t  i rig

f r o m  m i x i n g  in the  l i q u id a r,  f u r  A and B , r e s p e c t  i v € ’l v

= RI’ In  x~ + 8L 
( L ) 2  (1)

m d

= RT In  x~ + 8
L 
(~

I.)2 (2)

where  R is  t i m e  m o l a r  g u s  c on s t a n t , T Is t h e  t h e r m o d y n a n m i c  t e m p e r a t u r e, and

and x~ zur e t O ,’ mole  I n a c t i o ns  of A arid B in t h e  liq u i d .  The c o e f f i c i e n t

B L 
is t h t -’ en e r gy  o t  m l  s l u g t h a t  r e s u u l  Cs f r o m  t h e  r e f o r m i n g  of c h e mIc a l  bonds

and van der  W a a l s  f o r c e s  be tween  n e i g h b o r i n g  a toms ; f o r  an “ ideal  l i q u i d” ,

B
L

= O .

‘ l i i i -  changes in t h e  cOca ic ; i l  I l u l t  d ’nt o il s  up t n n  m i x i n g  t h e  c o mp o n e n t s  A and

B in t h e  so l id  ar  • r~ ’spec ti ve l v ,

u, I S RT i n  x~~~-~ 8S (:.:S) ~~~+ i ( ~~~~~ i) (3)
and us

‘ i i  = RI I n  x~ + 8
S 

(~
S ) + L8 (~~~~~~ 

— (-5 )

where  x~ and x~ are  t i m e  m o l t - I t ’ . u c t  ions  of  uS and B , r i ’sp e c tiv e lv , in th  s o l i d

s o l u t i o n , and L
5 

and L B 
l i re t h e  m o l . m r  e n t : u - i  l~i i t ’s  (it fusion of A and B , respec—

t i vi- ln -’ . F l i t ’  coe f f i c i e n t  B S is time elit ’ t ’gv of m i x i n g  in t h e  s o l i d  s t a t e  and is

usual  y L a r g er  thu , mn B 1’ bei~~m c u s c ’  it hum s cent r i h u t  ions , such as f r o nu  l a t t  ice

distort ion , tha t a t ’ ’ in add it ion to t i m e  energn - ’  of m i x i n g  in t i m e  l i q u i d  p h ra se .

For the  l i qu id and so l i d  sol ut ions to b e in thermodynamic t’quilibriunu

a t  a temperature I, it is necessary and sufficient that

= t \ L l ~~ (5)

and

= 1,1 1 .  (6)

I f  E q u m a t  ions ( I — - u )  ar c ’ su h s t  I u t  ed m l  ‘‘ l- c l m u l m t  i o n s  (5)  and (6)  and t h e  suhst  1— —

I. L S S
t ot  m , u n s , X

A 
= 1 — x

8 
and = I — x

8 . m c , - m a u l , - , t h e  f o l  l o w i n g  e x p r e s sio n s  (r i -

c-nh t a m ed
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Ri’ l n ( 1  — ~~) + B C 
(~~L ) 2  i~ i I n ( l  — + u 5 (x ~~)2 

~ 
L \

( F _ I
A

) / T
\ 

( 7 )

and

RT in x~ + B ” ( l  - = RI I n  x~ + hI~ (l  — + L 11
(T— I’ 11 ) / T 11 . 

( 8 )

If  B L , 8
S 

L 5, L6 . T~~. and T
B 

0~~ k i s ’~~i t , u t 1 , - t t s  ( 7 )  and  ( 5 )  t ’ : m t l  I i i ’ s u ’I y c ’d

s i m u l  t a n e ou s i n - ’  f o r  t h e  eq u il  i b m ’ inch c - u  m i i ’s i i i  x~~ , u ~iul  x u t  c - l i t - l u  , - u p , - c , u t e l r , ’ .

Eq u a t i o n s  ( 7 )  and (8)  c a n  ,~ o u t !  ved 1 u i ’ h~~’ in t l  B S ; hme a ,  h ut l i m o  l i r e :

B” ~~~~
2

i k l :)/( i
~~~~~~~~~

( ) ‘ i n ( s i~ ..~ , )

(x ~~)~~( I - x ~ ) - ‘ - ( x ~~ ) 2 ( i ~~x~~~ 2 ’

- 
( l 4)2 LA~~~~T

A )/ 1A iL~ 
)2I ( ~~ .f~~~ :F

(~ 11) (i- ~ 11 
- ~6) (~~-.X ~~ ) ( f l

and

B
S 

= 

R~~ I -~~~~~ )~~ I h l ~~~~~ x~~~~~~ h~~s~~)] 
-- 

~~~~~~ )‘ (x ~
/’
~~~)

( x B )  ( l -x B ) - ~~ ( l - ~~1j

÷ 
(i~~~ ;) 2 iI

\
(T~ T

\
) f T

\ 
- (~~) 1 . (T T

t~~
/ i ’

B

l
~~B )  

( i _ x
6~ - 

y6 ) 
(l-x . - ( Ii )

Values for x~ and wi -ri’ t l l k i ’n I n ’ . ’tc ~ t - - ,‘xh u eri bhit ’nta l p l u - u s i ’  di.u g r .im ( F i g u r i

5) and used in E q u m a t  ions (9 )  and ( 1 0 )  to c~m I .  111.1Cc B L amid B~ I - ‘ r  t bi t -

CdSe a l l o y  sy s tem . The f o l h i u w I n g  v: m l uu t ’s w e r e  tus od : I
5 

= 1 ( 1 7 2  K ( m e l t i n g
- 13 ,, , ‘ 

- 
- ‘ 

1.5
t i ’m p er atu r e  u n l  HgSc -  ) ;  1 6 

= I ]2  K. l y u - 1 t m n g  t i - n h l u u - r , u t u i r i ’  o t  ( i S,’ ) ;  C 5 
=

30.7 kJ /m o l ( e n t l u l m l pv ‘f f u s i u ’n  f o r  ) I e S u ’ 1 5 ) ;  and L
B 

= “, 3 . ’( k . I / m c n l  ( e h i l h u a l p v

of I is ien  f o r  CdS ’
11’) . Tbm t ’  -j a l u , - s  ‘I  6 1. 

ar id B re qi u i I ’ l l  f o r  t h e  ‘ i - s t  i t  Ci’

tO e  t ’xp t ’  c i  men C l i i  d a t , u  .1 r, - 0 I V t - l u  l i v  t O , ’ i’ , h a t  I ‘‘us

B
C

/ R I  = — (t ~ L~ S I I )

and

B
5

/ R T  = — 0 . 0 0 5 7 2 .  ( 1 2 )

Tine I t-n w v a l ue  o b t a i n e d  t or B
S

/RT i nnp i l e o  L i n a t  t h e  h ; Si - — 0 !L- ~ - si’ I id  s - l i t  t m - no

a re ’  near  i n- i d e a l .  B e c a i m s u ’ a l l  the ’  e x p t ’ m’ i r t t , ’n t  m l  d a t , m  can he I i t t ’  H t o  w i t  h i hi

‘ ..~~~~~~~- 
— -—-

~~
- : ~~~~~~ 

.
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exper ime nt ,ml error On ot t , - v ,m l i i i ’ of B
5 / RT , b o t h  t i m e  z i n ch l en d e  and w u r t z  i t ~

St rim e t t u r e s  h a v e  n e . Ir  I n- ~‘qu a  I c ’ I t c ’ rg ii ’s of m i x i n g . Tine f i t s  to t h e  exper I—

m e n t a l  d a t - u  i f  f i ’ i ’,155 ’d On t h e  B 1’/R ’I ’ and BS
/RT v a l u e s  g iven in E q u a t i o n s  (11)

and (12) i tt .’ s h m c ’is’mu 1mm F i g i m i ’ ,’ 7.

1300 I - I

1200 -

1100 - 
I
/

_I

/
L , u u , u i

0
0

L t t u u u , I o I1000 —
m o l ud -

I— -

0~~~ 

•

900 —
0 •

So I u d

S

800 -

700 I I
0 0 2  0 4  0.6 0.8 1.0

HQSt’ CdSe
j u ’t tm , ,  of CdSc , x

Figure 7 Calculated l iquidus and s ol idu s curves and experimental points for the
HgSe-CdS e system; the interaction parameters used for the calculation
are B L /RT = —0.324 for the l iquidus curve and Bs /RT = —0.00572 for
the so l idus curve , I • I data points from Table 1; ( a )  data points from
Table 2
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Mr

3. 4 ~~ p e r im en t a l  Mi ’ t h u o d fo r  c ’ m i t u  in ~~ Thernua l Arrests

The therma l II rn -s C i’xpem iments i m u v u n  1 vc’d s i . m  1 I ng t h e  il~n i-O’—CdSc’ ii li o n - ’ in

one q u a r t z  capsul e and an equ a l neinub e r ‘1 mo l t’s u t  p u r e  a n t  u n m i ’ n v  in imu i i h u e  r

iden t i cu u l  q u a r t z  t ’ a p a m m  h- . Ti m e mc’ t i i t u , l  mused  C u r  p r  ‘‘I ’ - ’  r i  t h u t - H5S ’— CdS c’ - m I I t u v a

was the  same as t h a t  ui , ’sc r ibed in Sec t  I inn  4 . I.  u\ u l u  r ‘~: u , ’ h  — P / A  I unit ’ I t I i , ’ r Ile -—
ceuup 1 e was used t um nu easure  t h ue t t a l c ’ r u  tore’ of  t i re  l ip S , ’— ) .dS u ’ I I  I’ ‘v , ari m i

C h r om e l— P / , ’\ I  umel  d i f f e r e n t  Ia I t l l t ’ r n m e n c o m m l n l  ,‘ w.ls u i s u ’d t , u  m c l l s u m r i  t h i ’  l i t  t e r —

,-nc  e in  t ,‘nhp , ’r .i ture b ,’tw,’e ’u i th~ all ‘v and t u i  .1 u t  imonv . i ’m ’ il ~ i’- e—CdS u  - , m 1 1

t e m per a t u re  was  l h i u u n i t u u l ’,’,I on t h e  x— 1isms u i  i i i  x — n - ! - - u ’ ’ 1, - i ’ , . u i i , i  t h u 5 5  d i t ’ l’u ’ r- -

e n t  i i i  t e m p er a t u r e ’ v m s  utu ~’n i t t ’r t ’d on t b ,  y— ,ix i - . . I u m m r  u u u c . l e t  i n g  or c u u u ’ l  in g

of the c l i p s e m l e ’ s h u t  ,, ‘ - ‘ ‘ 1 . - I  a li t  r u t , ’ , l u ’ d i  t t ~ 
‘cut j u l  t ~-rg ’ - - ‘  ‘ I r e  ‘.~ t - t O n —

s tan  t and p r ’su ’  t t i t u n a  I t -‘ t i e  d i f  t i’m ’i -l t” t ’ i n  at ’ -c i f  Ii’ I ’  - - u s of I u i  h i g S c ’— O u l S t ’

a l  1ev and t a t ’ a n t  j fli t i fl \ ’ , ,‘X,’ ,’gt vie -n t h u , l a t e n t - ‘ - m i s  ‘f phasi - tra nsiti ons

c . m i i s , -d t l h ’ ’ d i ft ,‘re’n ti , m I  t i ’ h u i h u t ’ l ’ . m ; u r , ’ t , ’ - u u t u - ’ , - - t i m ~‘ t 1 ~ ’ . c ,  ‘ i f  i 1 , t  h i  j r u , ’ u u v

c , ;  ,‘ r e t i c , - c p o o l , ’ p r o v i d e d  a t1uc’ u ’~ i - ’ u ’ u m ~’ I t ’ I’ : II  i b r a t  i o n  , - o - ~~i ~~~ ~~~ 
‘
~~ ,

m e l t i n g  t e - n u t i c r a ;  u u r , - of 5 1 , 1 1  
, for  c ’, m c l u m e a t  i n5  am i d coo l in ~ u - l u r e- .

The f i r s t  t -s p t - r i m i ’n t s  we ’re i - ’ ’ n d , u - t t i 1  v i  t I m  .u t ube I i u r n , m ,  u -  t O u t  h i - m u l

t ’ x t 5 5 ’rn a l  s h u n t  t a p s  f o r  ad b i r st  i n g  1 0 , - ,‘ m m m n i ’ u i t I b u r u ’ u u ,; l u  u.’ , m r j , s m s  —.c -c~ i u ’n’-i ‘ I  I t s

windings t~ ’ o h t ; m i n  a f l a t  t - .-npc ’ r u r u r c  p r o t i l 5 5 ’ . h h u ’ v u ’’.’ ,-r , t u - nu l’ ,- r i ;  h u r t  d i f t  ~- r —

i - m i t -es of a f e w  degrees  were i m m i a v o i d a b l e  - , u ’ , , - r  1 l i e ’  r t - c i , u ; n of ¶ uu ~ t u u r h u , u c ,  eric I t ’ s —

1 ng t h e  Hg Se—CdS e m l  ion-’ and t ime  Si) n~t- f ’  - r i - l I .  , lurid t O  i s I m u  t t -d t i c -  a c t  um c m cv

of  the t iue r m a  I — a r r e s t  t emp t .’r :ut  im r c  H ~
- ; o r ” - m a t  i t ’l l .  ‘li me use of a st ’d i i o n — v i p ’  -

iso therina I , f t m m n h i c e  I in e r  wi t in in t h e  t im b u  I a  r i i  rul ,mc ii reduc’ ~i t i - i e m n t I t ’~. i i  -

temperature ’ g ’lid ients to n,’g I ig i b l i ’ v , u l u u , ’’ -t , I c -a s  t h a n 0. u ’I ”C u u ,, , r  t a, u e’m

length of the is i ’t h ie rnna l  l i n e -’r. ‘ru e’ t ’ x p u - r i n t t ’ n I - m l  , m r r , u b u - , - , ‘u - m i t  v i I i i t h u ,  i s ’ ’—

thermal  l i ne r i _ s shown in F i g c m r e  -5 .

I t  is c o n v e n t i o n a l  to  i rs,’ r , ’~’ m 1 C  r uu r i t c l i h i s l m b , - ’ . w i l l u  t m u u  u~ i , - ,. ‘ ‘ u i - I t ’ s  i i ~ ted

into the’ reen trant w e l l , f o r  meas u r i n g  t i m e ’  t h u e - r r : l , t l , u r r e s t ~~ u u ?  :u l I e v s . I b i s

was t r i e d  o r i g i n a l ly , h u t  t h e  r u ’ i ’ u i t r a r i t  q e m u u r t z  c a p s u l e ’s d i d  i t  s -it l i s t  - m i nd

b u t ’  h i g h  vapor  p r e s s u t  r e’s over i lgS, -— ( ci Sc- me I t s  lit t empt’r ;u t m i r i -S ( l u l l )

F u r t h i e r m u i r m ’ , bt ’c’aus, ’ some of I I , , - t b u , ’ t ’ n u , u  I . u m ’ T ’ , - st  e ’x p e ’u ’  i n u i ’ n n t  ‘-. i n v n I ~ ’ t ’ i I ‘ - t

t h e  m c ]  to  a t  h i g h  r e m p t ’ r . r t e m r e ’ s  f u r  m a n y  d a y s , de ’vitr i I ~ u ’u i t  i t u n  of t i n , ’  t h u m . m r t z

capsules  was an ( ‘cc u i ,a j o n a l  p r o b l i - n u . ‘I ’hte quartz capsules wt’ri - ~ mm I . H . x

12 mm o .d .  x 7. 5 cm l ong . ‘El i ~
- , -  . mp i-uuil. ’s mit u ’ a s i t u m u ; m l l v  r’um p l Ui ,-O 1m f  1 ’ - ; -  i ’ m ’ ’ —

longed pe r iods  at  1100° C and In i g l i ,  - r t corp ora t l u r e ’s , b u i t  t h o - v  c , ‘ne ’r . m I I v  vi  r -

a d e q u u u t e  f u r  a l l  - i l  I cy  e~uu ; u p t i .s i t  i m i u s  w i t h  x ‘ 0 . ( n . i h u t ’  t ’a p s u l i - t - i  u u ’t ; t  .u 1us d

15
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a suf  f ic - i  ,‘n t l m I I I i ) l m t i t  c u f  l i i  l i v , 10.0 g , L u  s tow we’ I I — d c ’  f i n e d  tiuerma 1 a rres Cs .

During t ine  s tudy cu t t i m e  FIg St,’—CdS e ’ ~ i i l i ru i ’  d i l m g r l m m t m , t i m e  ab r u p t n e s s  and Ch ic

p r ,’c ise’ t t - t ; i p c r z m t u r u ’  of ’ t h e r u t u l u l  a r r est s  d cm r lug itt - l i t I rig were ’ ob se ’r v t - d  to  depend

on the previous therma l hu istcn ry c i t  t I m e ’ m l  h , n v  i n g t u t  . ‘l i i  ob ta  in  w e l l — d e f i n e d

a r re s t s  d u r  ing  hea t i n g ,  i t  i ri ’vc ’il m u c c t ’ o s , m r v  to p r e p a r e  a l l o y  in g t n t s  O n - ’

r u  ‘id 1 n- quench  ing h omogeneou s n u c ’l is at  a rum Lii 4 50 °C/m iu u  and to  hon mo gii n i ze

t ime  q u e n c h e d  a l l oy s  b y a n n e a l i n g  t hu en i  I c r  50 Ii l i t  t e m p i ’ ru u t u r i ’s 30° C b e l o w

t h e i r  sol id ems t enupe r ~u C u r e s .
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-S . ,\l.I ,u)’u PRE1’AR.\ l I I N . \ N l )  C R Y S t A l ,  GROWT h METHODS

4.  1 Rca, ’ t 1 cmi c u l  t i n t .’ A l  I c~,y i I , . :  I - 1 i ’ut m, ’ln L a

The H g 1 
Cd Se Ii litnys y en ’ prc’plured by r e l i c t  ing t h e  99.  9999/  p u m r ’ .’ i - I c —

menta l const ituents in se um l i - u i , , - v . l c l m l m t e d , q u a r t z  capsu les .  ‘flit ’ c a p s u le s

were a i d e ’ f r on t  w a t e r — f r , ’,’ , f us i - c h — q u ; u r t z  t u b i n g ;  two s izes of quartz tubing

wer e u i-i t’d , 10 nnnu I .  d .  x 2 ( 1 mnu i i . d .  u und  12 mm I .  d.  x 18 nun o .  d .  To p r e p u m r e

a cum ps u  10 , a 1 i’ng t I n  i’  f t ub  i u i~ s- - m s  I I r e t  t lm p e r e d  to a p o i n t  and  sea l  i’d a t  one

end . ~\ t ,u d i  s t . ,  I c  u, e u t  i l l  cm f runmt t  C h i t ’  C apc ’ned eund , the tubing was cu’uis Cr let u - t i

tin abou t  5 mm I .d . tin I . e - i l  i t a t t ’  o m u b ’ o i ’ q u m e ’ n t  s e a l i n g  of t ine  t u b e  at Cii i a

p o i n t .  The shapes ami d d iu t ut -uis i ”uus cit t i n e  t ubes  at  t h i s  s t a g e  ,‘mre shtnwn in

F i g u r e  ci . Time t ubt ’s we r ,’ ci  eaned Cli i i  r cne mg hm i n - , t ine f i n a l  c i  i ’ umm ns  ing b e i n g  done

wi t I m  a d ii  cute HF’ o u n l  u t  ion , and t im e ’n ,‘v~m c m m : n  ted and baked . I’ rt ’c ise Iv wei g lni ’ci

a m o u n t s  of t h e  l b s .  Cd , and S c -  c ’ u u r i s t  i t u t ’u n t s  t u ’  f o rm s t o i c ’h i o m e t r i c  al l u n v s

w,’r , - t l n , ’n I n o , ’r t ,-~I I n t u n  t i r e  L u b e ’ . The u i p c ’ u n  end of the  t imbe  was t h e n  i ns , ’r t c ’ , l

Cli r t n u m g h i  umn 0—r  i rig f i t  t i ng i n  t i n  ,u run t a ta hm l c- v a c u u m  c o n n e c t i o n .  The lower  2 5

cm u n f  t he  tub,’ , win i ch  con t :u  il - n e - il h i l l  i i i ’ t i ne  s t a r t i n g  m a t e r i a l , was i m m e r s e - cl

in an l e t .- b a t h  , m s  s i uu iw n iu n F i g u u r e -  10. Tim , ’  t u b e  was then e v a c u a ted  to .u p r e s —

su m ne I ,‘se C h u m  I a 1 P~u (1 x I ~~( 
‘l’or r )  , and the  encapsu l  l i t  ion sos u t ’t1 5,  I i t  —

eel I-ny seuu 1 I n g t h e  I u m b u ’ ui t Clue c ur n s  Cr  i t ’ t ion .

i’hne c a p s u l e  c un n  La in i ng t h e ’ t ’l i ’ment a I mut t  or ials  was tin t ’n i n s e r t  55 -d l i n t o

a 31) .8 ann i .d . x 5 7 .  2 mm u u  . d. T m n c o m u u c l *  t u b e , w h i c h  was t i n t - n  e’ l o s t - e l  a t

hothi ends On t i n r e b u d e d  p i p c’ c aps .  One of t ine  p i p e  c’aps had t h r , ’c- I n c m n n e l

t h u er m oc ’oup l c - — v c l l s  h a r d — so l d e r e d  i n t o  it , forming a cage w h i c h  h e l d  t h e

q u a r t  z i’ , m p s u i  I e’ in  pos i t  i on .  T lner’ mocoup l e o i n se r t ed  in to t I n e  we 1 ls w e r e ’ pu n s  i —

t ioned wit ii t i m e ’  I r j cmn , ’ t ions I u u c u i t e d  l it each i’nd and at tine center of tin e

c a p s u l e .  The f u n e t i i n m n  of  Cl i , ’  Inc ru n t -  I p ipe was to c o n t a i n  the ’ del-n r i s  and

v a p or  if  a c.- m p s u m h e - r u u p t u r e ’ d d e m r i n g  i t s  i n i t i a l  heat  ing . Tin e Inconel p ipe’

w u ms  p l aced  i n  a r u  i St  ivi’ I v — i m e ’ h m t e ’ O  t u b e — f u r n a c e  and posit ioned so that tIne

l oaded  q c m a r t z  c a p s u m h i ’  was a t  t i n e  c en t  ,‘r of t i n e  f u r n a c e .  The power to t ine

fumr u n ;uc e ’ was programmed and controlled to h eat t i ne  c a p s u l e  a t  a c o n s t a n t  r a t e

u n t i l  a t e m p e - r ; m t u r e  above  t h u e  I i q u i d u s  t e m p e r a t u r e  of the  m e l t  wuus a t  t l m i n e d .

O u r  ing the 2’~— 2 8  h m e a t  i n g  a f t e r  t ine maximum temperature  was reac h ed , t ine

* ln ce une ’ l i s  the ’ t rade ’  name of Chic ’  I n t e rm i t lonal  N i c k e l  Co. , Ne’w Y o r k , N . Y .

f o r  N I — i l l  r — l O F e ’  u t i  I cy .
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18 mm 0(1. . 20 mon o il .

1 2 m m  u , mi . J.~ F~
L__ 

~
__L1 i—i0  mm ci,

30cm

Figure 9 Dimensions of quartz tubes used for Hg1 ,~Cd~ Se alloy preparations
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t u r u a c e ’ v , , -~ t - ’~ ke’d + 
~~~~~~ hack  out t o r t  h i  L u ’  , uu ’, i t , ’ t i ’ um nd t h,-r , -b , ’,- i n u ’ u l i u ’ e t ’ u n i z e ’

tine ’ nrc i t c ’! t  mli t e r t  .11 in t lu ,  e m l i s u m  1k ’ . ,\ I t i m e  ~‘tue1 in I 2 3 —2 5 0 it r ; u , u a j unnunm C c ’ur u pe r—

, m t u r e , t h e  r o c k i n g  f u r ; r m , - u ’ W r i t - , r u m ;  ~- - i  N ’  i ye-n l u - - i l  p u i s i t  i on set t h u - i t  t i n e

e-apSuii ’ l i d  I t s  . u (ie ’m ’ t’ih am ud p- u m it t u ’ ,1 i ’ l ’ - I  i - - w b i , r i n d  t I m e  b i g  Ccl Se u i i  l u ’ v ,
l— x ~

wit i i’lu h u m I t ’ — f i l l  eel t he ’ i l m h u s u i  Ii ’ , a:, a,’  I id  I I  i ‘ ii by t u t u  I i t u g .

Ru t ,u m u , , , uc u  , u u r ! u  Ii ‘ —

Rot ~ u u ,  su ’ , u I  

To ~~c’ ,um P u m n i l )

A d j u s t a b l e
Ou ar t i  cap su Ii n y d u  oqer u h ur r i e r

h y elr ~ q~~~t~~~~

I 

~~~~~~~~~~

Figure 10 Experimental arrangement for evacuating and sealing quartz tubes containing
the alloying elements for preparation of Hg1,~ Cd~ Se alloys
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-3 . 2  S l e — C r v s t a l  Growth  _~~~~t hue  B r i d ~~n u:mtn  N e - I  I t -  h

l in t ’  a l  I c v  u n  t i m e ’ q u a r t z  c h m h ’ s c m l e ’  i s  ri ’t ’u’ ’ r — t  m l  1 I zed  O n - t h e  Br i d u ’ t ’ , u u ’  m e t h o d

i c r ’  g rowing  s h i n g l e -  t’ r v s t , m l s .  Thu ,  h ( r i , I u  u u u u i  ap;’ , m r , m u  r u t - i s  — t i m u i w n i  i n  F i r r u u u  u -  II.

The u ’ u p s m u l e ’ is m o u n t e d , w i t h  I t s  t : m p i ’ r t -d t - m u , i  d , u w u u , r i t u u p  . m  q u u ; m r t z  pe ’di ’ s t . m l

and r e m a i n s  O t l u t  l u n n a r n - ’  , h u r i m u i ;  C l i , ’ r~’ , - l ’ ’- s t h i  I I  i ,~r , i t  i on ,  l i m e ’ I t mm ’na m - c’ l l . u ’,, I s

m m p w.m r ul on v e r t i c l u l w a n - s  Si ’ t h u r u t  C h i c ’ i i i  I u ’ \  r t ’c rv~- r a 1 l  i - i -a nrt u g r t -s - - vu - I n - ’  u u u ,- . u r ch

I r onm t ine h e - n t  tc Mtu , t lipe ’r e ’d e’mn d of  t l i e ’ g u m - m i t  z ‘ .u ~ - - u i  I n .  L i t , - Br i clgrmnu iu i  t mu r u m  mu - , - I s

a re - s l a t  i v c -l v — h u e - u t c ’d , tb iri’ e’—zon,’ , t m m i , u m l:m n I i m r ’ u i . i u c - , u i und  c ’, i u t n t u l  f l i t ’ 30 cm l u n r u g

z u u n i ’s is  sep i r h i t  ,‘i v  ,- o n t r u ’ l  l u t h i , ’ . Tin’’ t-en tu ’u 5 u ’ f l , - h ;ms s lnunt —t ops m t  25 nini

i n t e r v a l s , lund th~- l w ’  e n d — z o n e s  h a v e ’ s h u n t  — t  . u l u ~ . u t 50 mmmi i m t  t - r v l m  I s .  R n - - p l h m ~’ —

i n g  a p p r o p r i a t e ’  s i m u n t  u’ ,-s is i ‘au-cs Inetwet’n t h e -at- I ~g’s . t I m , ’ ax m l  t e n u p i - r a t u r e ’

p r o f i l e  of t h e ’ fuu’nace u -an  hi’ s h a pi -d h i t  r c (  i u I re ’,I . ‘l ’lnm , ’ c u l t  j r , - - , f t  c - n s u u n t -  i s

so s h u n t e d  t h a t  I t t - u  a x i u m i  t e m p e r a t e m r t - i s  w i t h u i n  + 2° C of a mean v , m l u m i - . ‘l’l u u -

s h u n t  log of t ine  lower  end— -r , u u n e  i s  a d j  l i s t  ~- i C u ’  p nov l I e ’  i s h a r p  C empi - r h u  t m u r e ’

gradien t i-ni -tw eem n tIn i s  /,onc and C l i , ’ c- i to  - - t  r i t e ’ . I h ue ’  f u u m : , , ’ ,- ra i s  i u t u t  rmu ’ u - l i , u ; i — ’

isa is driven On-’ ~ va r  j ab I c — s p e e d  m ci  ‘ - u , and t he’ I u i n i r , m  u , - ,  i i  Cue r i  I sed a t

any des i red  r a t e  b et w e en  0 . 1) -S and - ‘, . 1) cia l u

A f t e r  i t  is r e u - m ’ v s t h u l l i z i ’ d by t h e ’ ( i n  id~~: u , u u i  n u e t h u , n d , t i t , ’ Ib ~ Cd 5, - b i b  l u ’v
- I - x  x -

c rv s  t h u  I i s  removed f ronu  C h i t ’ q u a r t z  t ’ . m p s u l  c .  TIm 1 s i s  u u c c i ’r l p  1 i s  lied i-nv us  in g  a

d i a m o n d — b l t m d c ’ saw t ’ ’  cu t  l i u n g i  t u d i n u i l s h u t s  t u t u  , i p 1 u u u s  i t ,  s i de s  of Cl i , ’ c r u p s u i l ~ ’

The tw u- n bo i l v,’s u I  t h e  e r - i p s u m  I t ’ C h e m  f - u I 1 ow, n- I u ’ urn t I m , ’  lone I os u - t i  t’ r ’,’s t i i  l i n t . ’

i n g o t .  The ’ i n go t  i s  t h u i ’ m n  ‘‘~~. u u n d — t i m s ; , - i l ’’ w i t h  b u h u f l u i ui , m p s w e t u  r ‘f 15 rn p a r t  i c ’l e

s i ze .  Thu is t m i e ’ c h i b i m i i i ’l m I c t cluill5 i ’l t ’js cS h u h  I h u t  s m a l l  — m i n t ] , ’ g r . u  i n  t u u u u u u u l , , m

t o  he ’ ,‘ u ’ - u I v  ‘,‘ i s i h l ’ ’ .

4.3 (‘aji’-tu u l e ’  Rum j u t t u r n - ’  h’ n m - nb i c- rn

D u r i n g  s u - v e - r h u l a l  I i n ~ ’ p r u ’ ! n u r . l t i ’m - - . he  q u I l l  : ‘ u - u ~is u i I e ’ s  u u u j - t m u u ’ i ’d t l m m r i u i g

the  in i t  j u l  hea t  in g  to n- i b m , ’ t t I m e ’  m l ]  on-’ i n s  i - I  u ’ni c t ) t  a

Fi l e ’  q u a r t  a ~- - u p s u m  l u ’ s  wi re a m n l u e ’ .i I t’d - m l  1 2)1 0 ° C 1 u ’r -t,-v,- r .m I u - c u r  a :mn ei  c u u u ’ l , - e h

s lowl y L u ’  room t t ’ m p i - r : i t l u r e -  i n e f u n t ’  t h e - v s- i - u - i -  l u ’ ,u d e c l  w i t h  t i n e ’  a l  l u ’ v i n g  i - l e ’ n u e n l - , .

A f t u ’ r  t h u t ’ ’-.’ wer e ’ loaded , , ‘ v , m , - u m , m C , ’t h , uu n d  C c i  l e d , t h e ’  q u m r u m i  a u -~m p s u u ]  c ’S s- - n , -

cbni ’cked i n  p o l a r  I a -i l  1 i gln t I u 1  St  t - i  his , in c h w h e n  mte ’t’e’ssurv l ine’ u - , i~’c i u u I c ’’-u were ’

hy d r o g e n — f  l ame ulnne’uu led  d u n  C I 1 t i , v  c x l i  / i  Led Inc s t r a  i t t - ; .

Am , m l n p r o a ( ’h t  u t-u i - ui  r u  b m v o j d  i ’ m j t s u m i c ’ l i i  l u u u u  S u b  t u ’  enup t u n v V, - m v  ~~ltus-

Ii’ h u e - i t  l u g r n  L i ’ s  t h u r  i r i g  C l i i ’  r i - u , - t I ‘ in  m~u ,, , , ‘ c i u b  . l , e ’ nu ; t  l iv  t camp , - i’s C ui— c sm m  k —a

w ’ - r i -  , u l s u  t r i u - d  - it huR l 0 t , u  750°m . b u ~ I n ’ - u - n t  i t i g  t h e ’  u b u b n s u u h u ’ s  t o  L i m e - a l l c u v

1 h q u iid u i r- u t u ’ u u ( u i -r , t t u m i ’ , - — -u . l ’ ’-u i u n , t  i - i  I b m - u  n u e ’ t l u - ’ , I , t h ue - q u i u r l  ;‘ c - ’ m p a i m l i - — - u  u’ u u p i n u i - t i

diir i m g t l i i  r u - u n  t i i i  p ‘ - ‘ c u  cs
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Figure 11 Apparatus for growing s ing le crystals of Hg1 ~Cd~Se alloys by the Bridg man method
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lii i C h a  I l v , u h , u ; m  u t  z t u b  imi g I 2 rr t u t i I . d .  :-, 1 i—i rum s ~‘ . l .  was u u- ;, - , l s, i , - c - ,’ s s l i m l  I v

I ’ ,ui’ C h i t ’  p m ’i - p u u ’ m t  i o n  t n t ’ b Ig  (~d 5, - n i b  I u s — ’ , h i l t  , m ; m i t’ s,’v , ’m ’ , m I  t - m i l u _ i m , -s w i t h
‘ I — x  x

tin i s  t u b  i m ig , a t in let ke ’ c—w lu  11 quIt r t ;‘ t i m h i un ~L , i i )  mmum 1 .d . a 20 m u m  i i  . d . win s

e’nup loyed . A m n u u t m m l u c ’m ’ of  t I m e ’  t h n h , k u ’ t ’ — s- , m l  I qu i t e ’. -a m~ i s u m  h e ’ s  C h i l l  ‘~‘t l I m I  ‘- n u , b u n t

o t h i c ’rs  s, - r u,’ ,’d f o r  a c m c i ’ i’s st  cmi ‘‘ ,‘u’,m r , u t u u u u u s .  m uir c u u m n c l u u s i , u r i  is t i m u m t  t i ,, q !  1 I a

capsu le  I i  i l u u t , ’s wi’u’ u ‘ m u m s , -u h h - , n n i n u t  c , r .i:ud u ’nu I l ;m w—e i n  t t u ~ ( ( ‘ m m r t  z t u m l ,  u u s ’ ,

l i e ’  (I i u , t r C Z  t u b i ng. SI t s  si- I c - I t - i l  f u r  c t ’ u n h ’ , ’ u r t r j u i C y  u I  C h i c ’  i u u u u , ’r , u ; t ’ b  u t l u t , ’ !

di,unmete rs , b i mi u l t u b i n g u,- i t ,  v i s i b l i ’  s C r i , u c  ,u r  1 1 w -  was , -‘ I c,u u uu t , e , m cvi r

used for pu — c ’ p bumi m n g t ’ ; i p S U I u s .  .3 ‘ ui-thu d Iuu r , l , -t u - m ’ t t u l n h u r-: I i i , ’ q u m n u l i i v  c u r  a

clui ,ir Lz t u l b i c  h u e ’ I u ’ m ’ ,- L 1.-u US’s, i i ’ - n u I l u ’ s  i ir cg - . t r i t  ~~~ y . , ; u n c u t  , - V i u l e t , ’e I .

lime ’ qu l -u r ’  ra co~ u s u i l c ’~ t i u a t  r u p t i u r u - u n  , h i d  ~u ’ u d umn im i g L u , -  i m n i t i m i  u- - s t i ng - u

t h u ,  ; u i  Ccv  L u n g  i ’ l e ’n i cmul  -, and at tt ’mp cm ’ m t . r - ,’s we] I lucI us l i l t  u i  Iu ’ v 1 i m l u I e h u s

temperat c i r , ’s .  I n  , ‘v , ’ rn - ’ c ;t s c - , a r u i p l  ( l i e  w - m ~ i i srn , -d j , mt i l  v b u n - - cded On -  a - -- ‘ i l u I e - ti

i m n c r , ’ ,u s , ’  in t I m e  t e n m p t ’ r . m t u r i - c i  t i u u ’  r , ’ m c t r  i n ’  e u l , ’n m c ’ m i t s , p res u u tuu.u t~ ~ c a i m s u - ,I O s

tine hc ’,i t of r,’,uc I i on .  In  nil u - l i st - i i  u ~h , m u p u ~m i Lz  u , u p t : i i  I u, f . m  L I  . i ’5 u - - u  dci r m u m g

s u b s e q u e n t  t e u u p u t ’ . i t  t i re c i  1 u n ’ , i f  i t  - m I t - y  , ‘ ‘ ;i t c u n t s  ta u t t- , ‘ i n c c  - i , - 1 t 5 5 -d an t I

h o m o g e n i z e d .

Co ns h ,i,- r - i t b u n  anu s ghv ,’rn Cm ’ p h m i ’i u ; t t t ic ’ qio m r t ra  capsule’ i t i  i P - ~~~~~’~~~~
,’
~

cy l inder that cu itm id hi ’ i mns i’r ted  i u u  I a l u ,  t u u i ~u h i m r m i 1 i c e  . ‘I’h t’ ;
- - t i ’ s s u m r c ’  1 n -

cyl  ind e r woul d  r e c l m u u - e t I n - ’ p r e - c -u u i n e  d i r  I c r e s u  C is 1. bc ’twt .’eu the i m n n - -  I d i- and t i n e

o u t s i d e  of C l i i ’ q u l m r C . t  u - 5 5 u p s u l t ’  am i d  I h u m s  r u ’ t l cuu  t I u t ’ I i k , ’ I  i h n u n , u , h  of i t  ‘~ no r - ;  u m r ’e

d c m r i n g  t h e ’  t , - . u u - t i i i n ‘f i b u , - i ’l , ’u: u , - ; u t s  t o  t o r m t u  i b m ’ - a ]  I c u v .  T h n i a  s, - i , c t ; u t - ’ b u m s  m~- r i t

h u t  was r io t  C m u i - d  i , - ,  ~u u i s , -  ,~I I t ~u k  u t  t h I ,  C u ’ ‘ I - , ‘ b , ’ p  a a u u i t t m b h e ’  d, - s i g u n .

M e t a l  ,‘n-’ t i n d u - t a  , ‘ ; m m n n u ’ t T u e  u u s e ’ u h  l ’ c c b u t m u t , ’ t I t u s  I i , ’ , - i u u . m u t ,  u l u m . m I  ,- v i - - I~ h - ; t ri - a n t i hu~

a t  tb ,  m e l t  i n g  t i - m ( u - r h i t u n u ’s ‘I  C h i t ’ h u t 1 
Ctb

~~
Su ’  l i i  i u ’v s .  5 , 1  u~ , u u  ‘ , r .

c v i  i n d e r s  have ’ t i t , - r~ ’ q u m i r o t h  u g h  at rc ’ u ng t l n  i t  h i g h I , -r ~~ ’ ’ . u t u r i ’a , u n i t  t I ,  v

p r e ’ ’ - m c ’ r m t  f , m b u u i - i t  h u n  p r u ’ ’ - l i - m s . h I  t h u  l - I  - u s , - m l  I t ’vs s - n t -  t u ’  b - ne ’ ‘ r - ’ , i u t u  u t  j f l

q u i a n t i t v , a a u - I t t - u i u t i l i z i n g  n , - ! r a , u ’r’; i ’ u ’ , - b n ss  s ’ - ’ ,  t i m i d  s i g n i ;  I u ’ - t i  I v

i r n u - rease t i n ,  -a i t ’ Ic f .

-3 .~ V ap o r  I n , - s s u u m ’n - -s  w [ t i u i i u  t h u ,  Cc~’sur I - a

A t  t h u ,  I i q u u i u h u m s  t u t u ,  r u t u u m ’ , -a  ‘‘ I t I ’  H g C,i Sc’ o h  ~~~~~~ r um s ‘~~ u ’ N’- I — a  a
12 1’) C, t i t ’ ’ H g ,  ~~ 1 • i n t l  S~ - v a p u u m ’  p r i ’ s  , u u  n s a - i l  m i m i  t i r e ’  q d m a r  t - - c u  ‘ - u i  1, -s S m e

quit , - h i g h . 1 b l - m - u u i l t s I, ur w i s  v . m h h m i  i ’ m ’ the ’ I s ’ Cd Sc i i I ’ s ’ s . m i n I i t  i tI — a  a
i s  ;u s su me ~d f l u - u t  5, ’ e x i s t s  us , m ci i utu , - r  t i  t I fl ’ r - m l u u u r  p b i 5 - ~ u - , C l , -  , - h u - o o u r l  m l  ‘ a r t —

i u i l p r t ’ a - a u u r -  m r ,  f; i - ‘ u rn mv h i , - r e ’ I ‘ i t  h u u , u — u

- — . ,“ -  — -— - 
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Hg Cd S,~-
P~ g

I X  ~ = ( 1  - x ) P ~~~~~
’ , ( 13 )

b ig  Cd St

~ Cd 
-x 

= 1, ( S e  
(14)

and
— a x  1 a 

~~~~~~
- n ”  + ~ ~~~~~~~ , (15)

ra i , , - r ,  b~ n- i s  t Ifl ’ p u n t  j u l  p r - c a i n ’ u t  c ’ l c n i e m n t V i n  equilibrium wit lm tine tml l o y

‘n c’o m p o m m n d  y. and b ’~ 
~ ‘‘ , ‘ ;u n  ‘u ’ cc l u . u l , m t i’d f r o m  t i m e  r nu o d v n amj c  r e t  I at  ionshig ( 1

b-’u u r  t h , , - c ;u s,’ ‘1 h1g S~’, c ons b i l e -i’ C h i t  t h e -  m’ e’ tm u :tion be ts-u i - i n compound and

v - u n  ‘r is t T m , ’ I ’  i ] us’ i

( I I g S , ’) . . “ t h i n g + 
1
, (Se ) . (16)- I I q i m  nil - g~’s __ ,2 gas

At cu j u .u i i  i br  am :” - ,

( i ~~~~ ” 
(~~H5 Se ’ 

) 
I / . i  ~Hg St’ (17)

win er e  K
11
~~

5’ j~ t i l t ’ t I n , -  r-nau u ,lvn ,m,;u Ic c- c h u r l ii hr turn , “ tac t l in t for the  reac t ion .  (The

ac t  kv i t  j e t s  of Hg tu n ch S i ’ - u n - um ssum ,ui ’ d to  he eq u a l  C u ’ t h e i r  p a r t i a l  pr e-ssures  . )

The v~u 1 ue f o r  t a r n  be c ; u I  ecu I b i t e - i l I n , ::, t h e’ f o b  l o w i n g  c -x j -n r c s s  ions  f o r  t I n e

Gibbs eum,’r~a\’ a r  tI,, r,- m c t  b u n  p l y - - i n by C n - u t  i cini (ib).

i ;  , , = — SC I n  ~. b h . s, 
( 18)

imug -’t ’

and

‘ C - = ‘ 11 , — I ’S - (Ia )h I g h,-

In thuese e’xpre s si uumlu-u , ~~~~~~ t i n e  i ’ n n t i u m i p v  l u , m n ~~c ,mni d ‘5 H - 
is  C l i ,  e ’ o t r u n p v

u ’ h u ; i m t g e ’  upon  I u ’ r mr u  m i ;  I i q e m i d  b n t h u -  Cm — , ’::, t int ’ v m p u ’ r  p l i l i s t ’s c i  C i i i ’  ( - u u m n s t  i t ue n n t i - b e ’—
- 10 ,

m u n e n n t s .  Time ’ G i b b s  , - r u i - r u ; \ -  ~‘f c h n s - u i ’ ’ m I n t  i on  u t  lu ’  I iii ibg Se i s

‘ Ii  ~I b I ~~S c - ) ~~~~ 1~ 
. ( i i ~~) , , ~~ + ~ ( S e u ) ]  = 1 7 ’ . — 0 . 1 7 7 - 3 1 )  k . h / m u i l .  ( 2 I t )

I I  t i n e  h u e ’ n m t  u i  I n s  h u m  m i f  h u t S , - 1 ~~
. 3 ( 1 . 7  k . l / m o l , i s  a r m b , t r u m c t e d  f rom Eq u a t i o n

( 21)), t h e ’ r e s u l t  i s

~
‘ bi ‘- I i -  

= I . 7 — 0. I 7 , ’~ I I- N t - u ,  t I ( 2 1 )

:~ _-~~~~
- 

~~~~~~~~~~~ ~~~~~~~~ - - 
-‘

~~~~

- 
- 

—

‘I i-,’ - ‘- --,--
~~
— - ‘--— - -  - ----

~~~
,,,

~~~~~~~~

, --



~ - - -~~~~~~~

which cart bu c suh’at itu i, - - h j I m a ’ Eq um l uC i t ’ l l  ( I S )  t u ’  ul, - I ,‘nm i mn c- ~~~~~~~ (h i ~~ i’ K

is c5 1 ,- uu l i t  u -cl f u r  .m g iv c ’tn t enuipe - r u l  e m n ~ , tIme p i n t  m c i  p r e s s i un , - s  of Hg m Ind Cd

vapor  i n n  t ’qu  i i  ihr  kurt w i  ti n li q u i d  Iig Se c,mn h-nt’ c;u1 e’im1 ~itt-d from tine re’lat i l l s

-- ~~ /3(.
bi s ’Sc )2/ 

3 
(22~

and

p~’5~~’ = 2~~~~ t(g b b .S u ) / S
• ( 2 1 )

Equlut ions ( 2 2 )  , m t n l  ( 2 3  h u r t ’ ih c ’ r i v u - ti  I r u nnm - u t  i c i m n  ( 17 )  min i t h c ’  c u u r i , l  1 1 1 , 1 1  t I , - , t

d(P~~
Se 4 iu~~~~s t ) / i ~~~~~~5i 

= m ) .

The c al e ’ u u l . m t  ion  I u ’r 1, ( , d Si ’  
and 5~

d~~ i s  s i m il , m n  L u ’  t i n e  HgSe  c a l c u n l a t h u m i ,

and the key re h i t  I ,‘nsiu i b’~ feur the  ri - c, - t i n

( c d S e)  , .  “ (cd + ~~( Si- ,-n ) ( _
_

l i q u i d  gas :4~i5

,tri-

(i~~~S”) (P
~~15iu) ~ Cd 5c ( 2 5 )

‘1’ f h g S,- = —Ri  I n  5
Cd Su- 

(2o)

~~~~~ = 2 1/ 
iy~ iS. 

) - -‘ ~~~
.

a nd

~~~~~ = 2
2/ 

3(~
l ’u l 5i-)2/ I 
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(28)

L O t -  G ibbs  energ y  of  d i  os, ’c i , i t  i t ’l l  o f  such Id CdS ,-  i~

‘ C (Cds , ’) - — (C,h + ~ ( h , - , ) = ( 11°, ‘
~ 

— 0. I 9 9 7 i )  k J / t u u , 1 t 2 ~~)

L s o i n c l  p a — -- p t m sj

and tin e i, , ’a t  o t  f u s i o n  of  C d h i -
16 j .  ‘, 3 ’ u k J / m u u l .  ‘Chin - is ,

- , = (‘5’ ’ — C). I ‘)‘17’I I k . J /m o i
( .u l ht ’

The vapor p r t ’ s s u u r t ’s of H g,  Cd • u i i e ~ St I n n  e q  c m i i  ib r  itm u w I th  ilg
1 — 

~~ 

ii

wi- re i b m  I c - um l at e’~l in , m u ’ i - uu m u l , m l a u -e  w i t h  I I , , -  
~‘ u  , ‘ e u l  i tn g f o r m m u l a t  ion , n in d  t u i ’s, ’

p lmrt ia 1 pres sures and their ’ sum ru n ,- p 1 ot m , - , i  as f u n c ’ t i o n s  i f  x in  F i gmire’ 12

For tInt ’ Hg Cd he a l l u u v  w i t h  the s n n u m l l , - s t  a — v l m l ene ( 1) . 16)  I ’ m - c l u J m u ~~l u t  th is
l—x x -

S t  t u el v , t i n e ’  ~~~~~~~~~ wi tin iii tin e qua r t z c .sp su ] e b u t  t h e  1 i qu I this t erup t ’ n a t u r e
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is  9 M I ’ ,i (9( 1 atm n u) , Imu ith f u r  t h e  k in — pt - i - u t a— n - m b , , , ’  ( ( 1 . 3 1 ) ,  ( l i i -  b ’ r t - ’ - s i m r ’ - i s

15 Ml ,u ( I ~~ ) , m t n u )  . T i n t ’  th ie iu r ,’t i t -; u I t c r u s h  l e t  si r ’ ’ r m g t h i  Ot t h u ,  b — t ; t u :  w.- m i  I — n  l i l t - k —

ness q c m a rt r ’t  c ,i~u s c u l e s  u m s , - u l  , ‘r c r v s t , u l  g r uu ~- t h u  i s  10 MI’ t m (100 ~ Umr ) humid  t l m , m t

of the  5—rum c a h i l l  t h i ckness  p u t  l i l t  . m p s c u l u ’s is I I  N I _ i ( 1 6 u  a t m ) . ‘ L O u i s  i t

is e v i d e n t  Cl in t  t i m e  qc il urt a t m ,mb i u u g  m u s t  be C l a n - a l t - s c  t o  w i t i m s t , r n n n d  t h e

i u nt e r n a l  p r e s a c i r e s  g t ’ r t , - r , i t c ’d b y t i m e  s t o i u ,’ i u i c n nr ue t  m i t ’ um h I c r , s .  I b u c -  i n n t , - r u t , u l

p r e s su u c - s could  h , si gn i I l e a n t  l v  r ,’du uc , ’ d if  t I n e  m m u t ’ l t s  c u u i u t a i m n i ’ d  c -xc , ’cs  Sc’,

b u t  thue  m i i g ; i  i t  ude i i i  C l i i ’ ‘ n c - : - s , u r ,  - r ,-du , ’ t ion and t i m e  p o s s i b l e  u - f  f t - c t  u t

Cxc e u-a s Si’ upon ~
- ass t o  1 q 1 , _ i l  i t  v s- c n , h o t  s t u d  l i d

Luu ; uuuc hu u r ,~- nu p t ’ i lmmcmut ’ ( °CI
799 900 1 000 1100 1200 1239

250 — -  1 ~~~~ 1 i ~~~~ 1 1

225 — —

200 — —

17~~~— —

E 150 —

125 — -

H u m

;~ 
100

75 — —

S” 2

50 — —

25 —

C I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1 .0

H9S” M , u i i ’  I r a c t , o m n of CdSe , ~ CdSe

Figure 12 Partial pressures of vapor-phase Hg, Cd , and Se2 and the total vapor
pressure at equilibrium for Hg1 ~Cd~ Se alloys at their li qu idus temperatures
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5. CRYSTAL PREP AR A ’[’IONS ANI) CHARAC’I’ERI/,,\I I ON

5. 1 C ry s ta l  P r ep a r a t i o n s

The alloy compositions prepared arc ’ sunmannarized in Table 3. Th e a l loy

ingo ts  are  i d e n t i f i e d  by a number t h a t  is the nominal x—value in hundredths

and a letter that ident i f  ic-s d i f f e r e n t  i n g o ts  t h m a t  l i v , - t I n t  same c o n n n p , u s i —

tion. Four ci 1ev ingots were p n i ’i ’ ur e d ant i  r t ’t ’ r v s t al  l i z e t u )  uv t h e  B r i d g n m a n

me t inod : lôD , 16E , 24,\, a ria 3i.-\.

TABLE 3 Hgi,~Cd5Se ALLOY PREPARATIONS IN CHRONOLOGICAL
ORDER OF PROCESSING

H Cd Se Capsule Weight Wei g ht Weight Total
9 1-x ~ Average x i.d , x o ,d , of Hg of Cd of Se weig ht Comments
ingot no, (mm) (g ) (g) (g ) (g ) 

______________________________

16C 0. 160 12 x 18 72.369 7 . 124 33.908 114.00 1 Heated at 480° C /h. Capsule
rup tured at 450° C.

16A 0, 160 12 18 12.370 7.724 33.90 8 114.002 Heated at 10 °C,h . Capsule
r u ptured at 700° C.

16B 0.160 12 x 18 72.369 7.124 33.908 114.001 Not processed.

160 0. 160 10 ~ 20 50.187 5.420 23. 796 80.003 Heated at 20 °C/h 10 925 °C,
Recrystal l ized by Brudgman method.

33A 0,330 10 x 20 42. 928 11 .847 2 5 2 1 7  79 992 Heated 600° C ‘ t o  600°C ,
10 °C/h to 825 °C; soaked 65h at
825 °C heated 10°C/h to 97 5~ C
Recrystal lized by Bridgma,n method

16F 0. 160 10 x 20 50. 788 5.420 23 .796 80. 004 Heated 10°C/h . Capsule
ruptured at 700°C.

16E 0. 160 10x  20 50.790 5.42 1 23, 198 80 009 Heateu l 10°C/h to 925 °C.
Recrysta i l mz ed by Br ud gman merhod

24A 0.240 10 20 47 201 8.352 24 .444 79 997 Hea red 600°C/h to 600~ C .
10°C/h to 940° C Re c ry s r a l luze d

___________ _________ _________ _________ 

by Brudqman method.

Fi gures 1 3,u , I 3b , I 3c , ami d 1 ‘3d i r e -  ph i-nt ograp his o f  t b u c ’ Hi ’ i u l gtr ~i r n —  ~t r u ’ wnl

i n g o t s  161) , 1 6E , .?4,\ , and 3 hA r e s p e ct  i v ~ - I v .  iig C cISi’ I 61) S-IS t m ’  estr mt t I m e

r a t e  of 1). 50 c m / h  r im rotig hu a t i- m l u e ’ am t o  r~- g n ; i u i  I c - r a t c i i  I 3 ° ( ’/ cm ; i t had em it ’

transv,- r sc’ grain boundary 1 .0 en , i h u u v e ’ t h e  hot t ort t h p  w h u e r e  n i ’ c r v s t  .1 I I I ’—

za t ion c o m m e n c e d .  il gCdSe 1 01 - . s- m u - - g r en w n  In t t i m e ’  s b  u ’w , - u -  r u m t u ’ u I  0 . 0 -u  c - r u n / i n

t h r o u g h a g r a d i e n t of 14 °C / c m  u n t i l  n u b u h ’ t - i u x i t n u u n t e l ’ m ’ ,u ‘~ cm l € ’ m n g t b t  h a d

2 /

- - -~~~~~~~~~~~~ - -~~~ -



-

u,’ r vst a l  1 iz i ’c h and g r o w n  a t  0. 5 cnn/ in t h u u -r ea f t e r ;  it was a bicr ystal froni C h i c -

bottom ti p mmpw lm rd f o r  o . 2  cm li , s i n g l e  i- r \ ’ s t h m l l i n e  f r o m  6.2 to  9.3 cm li , and

large grain pc - n lv c’rv sta ll i n e from ‘1 . 3 cm for tine remainder of its 14 cm

L e n g t h .  H gCdSe 2 -~+A was r et ’ ry s t a l l i z e d  a t  the  rate of 0.04 cm/h throug h

a t e m p e r a t u r e  g r a d i e u u t of 13°C / c u , .  Near  t ime end of the  g r o w t h  of HgCdSe

24A , a furnace—control the rmocouple failed , causing the f u r n a c e  power to

be turned off. H gCdSe .24~\ was am s i ng le c r y s t a l  excep t  f o r  t h e  las t  1.4 cm

of i t s  len g t h  wh i ch  n - a n us  t’s s en t ia l l v  qt m e m i c h e d  f r o m  t h e  m e l t  when the

f u r n a t - i’ power was t u r m n c d  o f f .  .~ i’ t e r  these  c r y s t a l s  had been grown , the

B r i d gnm n an u t’ r v u - u t~u I — g r o w t i n  f u r na c e  s- is improved by  the a d d i t i o n  of two

so~h i t i m — v a p o r  i so ther r mt al  f e m r n a c e — l  i u ’mers .  The l iners, eacln 30 cm long,

are separated ver ticall y b-nv 1.5 mm within tine furnau .-e tube. The tempera-

ture of tine reg i oti wi thin each liner is uniform , and a 220° C tempe rature

differentia l can bi- maintained between the two liners. The isothermal

furnace liners reduce unwan ted radial temperature gradients in the melt

of alloys that are recrys tallized by Ch ic Br id gman method and facilitate

e s t a b l i s h i n g  s t eeper  t e m p e r a t u n e  g r a d i e n t s  at t in e  s o l i d — m e l t  interface

during crystal growth. HgCdSe 33A was recrystallized by the Brid gman

method  at a r a t e  of 0.030 cm/h throcn gh a temperature gradient of 35°C/cm.

The t e m p e r a t u r e  g r a d i e n t  was smal le r  than that between the isothermal

l ine r s  because a 2 . 6 5  mmmi i.d. x 3 . 2 7  mitt o.d. Incone l pipe was placed

ins ide  the l iners  t o  p r o t e c t  them f rom possible capsule explosions. The

r e s u l t a n t  c ry st a l  was s ing le c r y s t a l l i n e  fo r  a d i s t ance  of approx imate ly

10 cm i ronun the bottom tip; because a power f a i l u r e  caused an abo r t i on  of

t i m e  c r y s t a l  g r o w t l u , t i ne  upper  5—cm l eng th  of the ingot  was quenched and is

p o l~’crv stal]ine . Durinng the preparation of this ingo t , t h e  me l t  wet the

quart -i a t  some spots , arid the solidified ingo t adhered to the quartz at

t b u u ’ s u ’  p l aces .  T l n i s  made i t  nci c ’ssarv to fracture the ingot  in several

p l a c t ’s  to  r c - m u ” .’ t- i t  f r o m  t i n e  q t m h mr t z -a m p s u l e . Several of the f r a c t u r e

su r t , m t - i ’s a n , -  p a r a] l e l  C u ’  c ’n m c h  o t h e r  ( t hose  a t  6 . 8 , 7.4 , and 8.7 Cm) and

perpendicular C i ’  t h e  f r a c t u r e -  r u n n i n g  f rom 1.0 to 3.0 cm. This fracture

pattern implies that th c- cleavage p lanes are  [100] and tlua t. the direction

of u - r v s t t u l g r o w t h  was ~l00
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(a) Iii ) Ic) 1W

Figure 13 Photographs of Hg1 ,~Cd~
Se alloys recrysta l lized by the Bridgman method

(a) 16 D (b) 16E he) 24A Id) 33A , white lines are boundaries between single
crystalline reg ions except for the upper 2.5 cm of 24A and the upper 5 cm
of 33A , which were quenched
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-\ d i n m n u o m i c h — r i n u  s :m w was usc-c l t o  s l I c e  each  of t i m e  c ry s t a l s  i n t o  0 .5  to

2 .0  rum t h u i c k  s e c t i u m n u s .  i l , ,  s l i c e s  a rc- i d e n n t i f i e d  in Tables 4 — 7 .  Each

s l i c e  was e t c h e d  in a 10% lir 1— u - . c ’ thm ~mu ,u1 s o l u t i o n  atn d t lno rough 1~ rinsed

inn a 50’~ l) e n ’m -z cn e — n u tc thanol .~e n 1 u C ion.

‘fine mass dens i t v  was measured and used to calculate the average

x- v:i lu m e e l f  mt n ani v s h  i ces ;  t in t ’  n c - su i t s  and the  measurements  made on each

s l i c e  are listed in Tables 4—7.

TABLE 4, HgCdSe 16D SAMPLES
Is —

14 — —

— t6 QC O 1 4 3 0  7.698 0.209 • • •

-~ ~~~~~~~~~~~~~~~~~~~~~~t6DAG 8. 10 7837  0.156 S 
—

6 I6DAF 180 
—

~e5)A’\ 270 7 940 0.116 •
5 —  ----

,- -—--—--— ———— -‘——— — —  

- 
- t 6QAK 225

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Cd Se

2 — — Nominal x 0.16

G rowth  c a n e - 0.S cm h
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TABLE 5. HyCdSe 16E SAMPLES

C

i
~ i H
E ; >‘ .

~ ~~~~~~~—
-
~~ ~~ 

‘
~~

Norninal x 016 2

Growth rate = 004 cm/h 2
16EE6 1360 5

/ 16EE4  1 3 3 0
//  — --

~~~~~~
- - --- - - —+- -

~~~ 
—

16 E E 2  12.85 8 064 0 ( 168
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TABLE 6 HqCdSe 24A SAMPLES
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TABLE 7 HgCd Se 33A SAMPLES
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A l  U~~~- 6 ’= - - ” 0 600 
— — — —

1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H am 1  ~Cd~ S~
Nomin a l  ~ 0.33

0 G- - u - . ,  i i ,  , = 004 u m

5. 2 D e t e r m i n a t i o n  of  A l l oy  (
~ -n m r o s i  t i e s  u v  m s _ s n i t ~~~~toa s ur c ’rnen t s

The c r y s t a l  l a t t i c e  c o n s t a n t of  C h i c ’  Hg (I d Sc’ al l c ’ -,’s v at  so l i t t l e- l — x  x
with x that its measurement c am nnnot he ’ u s e - - I  a- cal c u l a t e  p l c - u ’ i s e  v s  I , m , -u - - h e r

the composi t ion s of spe ’ c im ens . X— r ; i \ ’  I 1 u o n u ’sc ’ c n u ’,’ S~~~~ u t n u l u - n u ’ u r ~ u \ -  s- , m s t r i i ’u i

as a me t h o d  to d et  e rm i n e  x , b u t  t he mmmi - ,- n ’t  i h u t  v i n  t h m c  t ie r I V u ’ ul  x— ~~- , m lu e s

was ± 0.02 , win ic-h  is too la rg t’  f o r  m s a t  i ~ f n m c t  o n v  c-va l t iO t ion  of  tine ad I u v s

For t h i s  p rogram , x — v a u l  ties o f  S I n C C i !t i e ’ns Wi r i i a )  c-u m t  ~‘/ f m y’- I , ,  i n

measured mass dens i t  ic - s  and val ties oh  t he c r v s t  al .I n i  t t I c-t j c a l l  ~~t a n t  pub i i  shi ed
4by Ka l, b and L e u t e  (see F i g u r e  2 ’) .

The l a t t i c e  c o n s t a n t  d a t a  of K ;u l h  , m n - .h l u - n t , - ,‘, m n  he -  r e j n n u - s c t t t . ; h 1w t i m e ’

e q u a t i o n
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= (~.08~~e — i l . 0 0 4 ( l x  ( x  (J. 1 5 ) ,  ( 3 i )

~~h u t ’ rc ’ a
) 

is thue  cm iii  i n  la  t t  i n , - c o m m s t  an n t inn  ;mn gs t m u s H  un i  Cs ami d x is Clue  mole
f r a c t i o n  of  CuJSt - in t ine hh g Sc- — ,I~~,’ al io~’ . I n n u s m c h i  c ub i c  cnn i t  cc ’ 11 t lu c r e  an re ,

urn t h u e  ave rage , 4x Cd a toms, 4 (1— u - il H g a toms , anmd 4 Se atoms . Thus Chit ’

mass density as a fm m m n e t i o n  of m~ is  g iven h~- t i u e  rt ’ l n mt  ion

- = ( 4v 8  - - + ‘u (l-x)1 - + 4~1 - ) / a  (32)
m l i  ‘ n~ Se 0

t , I , , ’ re ‘I - , M , and M , are  l ie  it on, i c mm i ;u s s, -s o f  Cd , H g ,  and Se , r e spec t  i ve lv( c i  hi g Se

~ it In sm u ff ic-lent prec I ;  iu ni , t h m i s  r t -  t an I i  an n c n m m m  1~~ ;i pllrcn X imated by tine formula

(5 .2 38 ) - 2 . 5 8 ~~)x  - 0.005 1x 2 )  g/ cm 3 .

As a f u n n c t .ion at  x Is  ~i i \ ’ e - 1 i  by  t b m c ’ re l a t i o n

x = 3 . 1 7 0  — 0. 382 3 - — 0.00029 , 2
, (33)

w h e r e  is in glen
3
.

T a b l e 8 g ives va t imes of  t m ,- : -,nu ss ,l , ’n ns  i t  v c-n i hh g  Cd Sc ’ a l l  ovs  u -
- l — x  x -

0.00 x 0 .65 .

5. 3 ~k’ Ch t th of /’i,m.’ asure -m ,- t u t at ~l,uss 3,-j, n i t . ’.

Tine mass dens  ~t v a f a sp, -c imc’n i s  , h u -  t e r m  i t ied h~’ obta in ing i t s  a ; ’ j ’ . ir e - l n

wei ght . .

~

‘
, i n n  a i r - i u -  i i t s  a p p . m n c - m n t  wc - i g h u t  ~, w hi t ’nn  i t  i s  inunn u ers c’d i nn  w ; m t c - r .

‘the apparent we i g u t s  ant ’ g ivt ’mn h~’ tine r,- I - i t  i t n mns  
~, = ‘ nm 

— 
a~ 

and

W = V ( .  — ) , whu c r e V is C h i t ’  specimen cil um m it - , - i s  t i m e  m i s s  dens i C y  of
w nm w

air. aim -n d , is  C h i c - mass tlc’nsitv u f  wan t er. ‘l ’hic ’se- n - m t ic ’nns , w iu en s~~lvc ’d  f o r

(3 , g ive  t i m ,- nt - s u i t
nun - 

- . 
‘ -

= ‘ 
~:

“
~

An u n n c e r t a i n u t v  u 1  t ) . (l (J ,.’m , g /t-m
3 

iii ie t c ’ r un u i m n i nng 
rn 

leads to  an , m n i c t - r t , m i m n t v

o h  0.00 1 in c a l u  , , I ; i t  ing u - n , Ii t h e  nu a u a m i t ii u h e ‘h t i n e  p u ’ s s i h ’ h e - e r r u u n ’c inn

iii, - u ’ ~ - i i - in e  W :,nd  I’ n r c ’  I~ .i u t J  3’.~~ S u t  iv el v . Clue nc - s u i t  l ung mm nne ’t ’ n t a i n ’ ’ .

- - ‘ . in  - s t  I n n  uiu ing - i s
m

1- j.

I’., — - 
-.
.. . ..

~~
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TABLE 8 MASS DENSITY OF Hg1 8Cd~ Se A L L O Y S

Mass density of Mass densi ty ofMole fraction , Mole trac ti o n ,
of CdSe , ft 11 ~Cd ,~Se ,i h h u n y  

CdS~’ .. - 
l’~~1 .~ C(1~(S1~ alloy

(q , i u n 3 l

0.00 8.239 0.33 7.386
0.01 8.2 13 I - -1 7 ‘91)

0.02 8. 18 - 0.3~ I 7 .1 . 14
0.03 8.16 1 (i I i -  - 7,308
0.04 8 1 35 03/ 7, .’82
0.05 8 110 038 

- 
7.257

0.06 5- 154  0 .04 /.231
0.07 8.058 I ,  t m )  7 .205
0 08 8 05) 0 41 7.179
009 8 006 1 3 2  / .153
0.10 7 °l9 ) 5 - 3 .1 7,127
0_ il 1 H ) -~4 :- 7 101
0 ) 2  - 7 929 1)45 — 7,076
0. 13 7 ~lU. 1) -i t  - 7.050
0 1 - 3  7 8 7 7  0 .47 7.024
015 7851 0.48 6.998
0.16 7 825 5 4 9  6 .972
0.17 1 800 0.50 6.946
0.18 7 7 4 0.51 6.920
0.19 7. -4s 0.52 6.894

0 20 7 , 722 0.53 6.868
0 2 1 7 .696 05” 6,843

0 22 7670 0,5 6,817

0 2 3  7 6-14 0.56 6. 191

i t . - t 9  057 6 65

0. 25 u u 4  0.58 6.739
1; 20 7 5u7 0.59 6.713

0.27 7 5 4 1 060 6.681
028 /5 15 061 - 6 0 6 1

0 29 1 ‘cc ., 0.62 ci tj3 ’ c

0.30 1 nm;- ~ 0.53 - 6.510
031 7 ~28 0 ‘4 6.584
0.32 7 - 1 2  11 n,) iO u 6.558

l u

¼ -~ 
.

—‘ ,- . -
- ,~~_ .1. ~~~ . ‘-
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( 1 4 - , ) ‘ W + 2 W
TI S Iii W

ml nun ’
a

whi e re It h a s  been nis s umu; u c - ei C h a t  - i e x a c t  l y  1.0 g/en
3 

and that Clien t ’ is no

e m  r a m  in dett’rmin i nng . u - ma m m l u m r  si i i - ,’ of H g Cd Se’ a l h u w  10 mum d iamw i — x  x
x 0.5 mmii t h i c k . wei ghs a p p r u :’, i t t u , m t  t h y  0 . 5  g, and for a specimen of t h i s

we -n ,,~)uC , 
- h mus t he’ it -cs t h i a mu n 0. (lull )0l)2 

~. am id W l e s s  t h u n  0 .110 ( 102 g for

2 L u ’ he s u f t  ( n i t - n t i s  s:..;Il (~ O. ; u l ) .11, glenn
3
) to give x to wit inin + 0 .001.

Far spee ’im nt’ns iH , m t wei gim l, .’ss t h u s  4 .5 g ,  i t  i s  d i f f i c u l t  t o  n u a mke  n i h  I t i m e

w e i g h t  t 5 c ; m s u F e - u u i e - l u t  w i ’  H S m u t  f l u  c - n t  p m u - c i s i o n  to c -a l c u l a m t e  x t o  wi tin in

+ O . ( t O l  . For ~‘ xnmnmp ~~~. -n u ’ ,On , n u t  ‘c-st . be eletertuniiued Cu ’  wi t h in  + 11.01 )6 f o r

a 1 ii I x 10 mom Han 11 u-I :  t n t  sammu p I c ’
‘l’he f le t  m od desc r il-n ed b u y  Bo~~u ,mmn and Sc i e ’ u n u e  r~ 

1 is embe d for tine mass

dens i C y  d e t e r m i m n a t  ( o I l s .  ‘ h u e ’  b i g 1, 
Ct l Se cpc -c inc-mu i u - c  i mn mm e ’rs e d in  waiter ,

and t l ~~’ water is h,o i led h r i t -t ’)v C u ’  u - l imt u irnate g i s t - s  dissolved inn tin e w a t t - r

and to r i d  t h e ’  s p t ’ c h : I e - i u  a t  m i l l ; i t , - a i r  h cihhl t ’ s t h a t  may be ’ a t t a ch e d  to i t .

Al  ter tine sa n m u p l e  a m m u d  C l u e ’ w i t  c t  have n o ’  I t - c l  to room t e m p e r a t u r e ’ , t h ’  wei ght

of Clue i TIl e’ n — t e l  spe c imeun is m e a smmr t’d w i t  hi a ban lannce t h at wei glus w i t  In a

p rec ision of + 0. 110000 1 g.  h low e ’vc ’r .  t h u t ’  prec ision of tine wei glnt d e t e r —

m t m ( n a t  io n’s in w.tt ,‘r is mcnehn ~)nu ’5’ ,’n ’ I l i um ’s th i s  because of the sur f ,u ce— te n sio nn

I a n c c - s  cmpon t I n t ’  0 .013  mm d i a m u m  w i r e  t h a t  i s  ti sed to su spennd  t ine  specimen

fr om tine ham I anne,’ a r m .  Sa r i , ’ I be -  - s l m . s j u c ’ ’s  ion w tnt’s that have been pre—

pared pt -r m i I t l i e ’ we (glut inn s’, u l u -n to lie- i -  t e’ rmi uit-’cl w i t h i  ann a c c u r a cy  t I

+ 0.00001 g ,  h u n t  u m - c u . u l  l v  an , m n c , u r . m c v  of  o n l y  + 0.000 1)2 g is a n c h n i e v e d .  To

do s i g n n i f i c a n t i v  h e ’ t t , ’ n n~-~~u i i r c -s - i i i  i n o r d i u n a t e  amounn t of t ine .

‘the f o l l o w i n g  e x h n r e s s i o u n  , t ’ r u m  Rt ’ b’ , - r ’u , c e ’  2 1  , i s  em sed to c a l c u l a t e

t i m e  d e n s i t y  of t i n e  w a t e r  inn win i i - in t l ie  u-. m a p  I ,‘ is immersed :

( C  - 1. 4 5 5 3 ) 2  t + 2 8 8 . 9 4 1 4
- w w

- w 
— 

180 ,19 . 2 t + 6 8 . 1  2’) 1

[4)
.o u m e m1 7 . 3

] [ ~~~~ 

- 

+ i0’3 3 ’) ] (36)

~ [i_ t ~~. ii  - O .OS3 t
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in this express i on , t is the  w a t e r  C c - u u u j u c ’ r n u t c m r c  inn 0 C is I u ’ u -o n , b nc- n s —
w

I h i l i t v  of w a t e n  (C = 47.7 ppm/atm) , B i~- t i n t ’ - , u n ’ u u u : , , ’ t r i  p r e s - ; u i t t ’  i n  ‘Forr ,

I is t ine  d e p t ln  of i mtummnt r s i o n  of th t ’  s n i n u p i -  i i i  c , ,m t t - r i n  ci-, , ant i  I) is  t h i n

number 01’ days elapsed since t h e  wat  or  was  Cu’ l i e d .  .\ I  I c r  t i n -  in-ns ur t ’m ent

in w a t e r , the  spec (men is d r i e d  am i d wc ’ i m - I , ’ - e h  I n n  m i m  w i  t i n t i u ~- - - i t -  b a l a n c e .

The r .uass tic -mis i t  v a t  m m j r is en It -u 1 .m te ch I r u ’n m hi, - l u - i  I u u w i  i i 1 ’  c u - :  I ’N ’~ .S I ( ‘ m u  ). ) J  l e n

in R e f e r en n c c -  21 :

~1.04.5 6h3 — i l ( 0 .0 8 5 59 4 t ” — 1.8 . , - u i  + ~. 1 /

a 
= L- - ’

~ 
t . ± 2 7 1.  in  

-
‘ 10 (1/ :nm

3
. (37)

wlner e  H is t h n e  r , - l a t j v e ’ h u m i d i t y  inn -- - u- c u l t  n t u .h C u i s  t h u  . u i r  t . - r , m t u m m ’ ’ ’

inn ° C.

N i c i u r o m n i t’ ( 5 0 5 ’b — 2 1 1 0 n )  w i r e - . S Q l  3 tml : h a m , ~h . ’ u u m ’ ,, ’ u I  t . ’ u’Su :’ilt n - i L i - ,-

specimens  for  thi n w ,’i ghmimugs in s’.it ’ - r . ‘flue e h u e ’ s ’,,’ u - m ’ c ’ H ;u I t ’ u i  u H i i ) — S O l u  i

for 1 h in sir a t  0 . 1  Pa (1 x 13 l a i r )  t a  pnt - I - .ir c’ t b n e i r  sent ’ f .m t t - ~~. Thu ,

oxidized surf muu ,- t-s of t h e  w i r c -s uh ewu ’l . uped mi cr a—h i s s I m i  ‘s ,-, L -: t h~ ‘..~~i’,-s

were  coo led .  These m .it’ n o— t j s s t m u ’ ,’ .s c.mu~~e C Ii , - ea C,- n u :s-,i i s , - uu - m ai d cinc h ic e-

tension to he n e a r ly  t i n e  same- at ,‘nu , i m  I.’e i mut a~~’’ng C l ue ~~i I  a l~ i i c ’li I t is

raised and lowered in tIne wat t- n t ie m u ing iS , s’, j g l u j , i m ’ s .  N , ’ - m c m i  l i n t ’ I jim on

the w a t e r  is  t o l t ’ r , m h l , ’ , and n l i n r a s e - u 3 - m c  d n a  u . u t ’ C i t  Ic ’s is th u ,  rml c ’u (cu :Lms

reg ie-nn n n m l I  i n v a l i d a t e  t luc ’  w~- i g l u t  r u , n . i s ’ - r  ‘ - m i t - i t s  ii n,’ , u l

5. 4 cJopog,r~ujili y

The c r y s t a l l i n e -  p e r t  u - c t ion u - i  u ’~ ’u-m ’.i I  I i : - . (3 Se’ s l i ce ’s was :i ~~~ ’ t- ‘ 1— x  x
gu ted by Laun mt - t u ’ p u g r m p ba~ . ‘I ’bue e ’x l~e nitfle ’imtal p l ’ iu ’ c~ t h e m t’ ’ emn p l o v t - u b ( i-i c m i i i m r

to t i n a t  , i t ’ s n n i h e d  m,v Sw i n k  an d  h l r , m 1 m 22 m m i i i  I - t ’r r . u I s  . m n m n l ~ i d . m n on i — - l , - s t  r u n t  i \ t ’

e v a l u a t i o n  of  mac roscop ic de f e c t s .

The a p p a r a t u s , a d i a g r a m  e f  wh ic h is g i\n un in  b i g - c ’ 14 , i u i l ~m j 5 t 5  o f  a

f i n e — b’ u , u ’ , u s , s c m m l e d — t c m b e , x — u ’ mi v c t ’ u n r - t ’  ami d . m - j u l  h a c k — r -  f l e e t  t o n i  - . 1 1 1 1 ,  ‘ . 1 .

l I t , - p ini ne i l t ’ u - i ’ ll iniator is rem ,-nve-d ft ‘a- tins’ - ,,,‘s-n ’,i , , i : d t t i u  3 m - - t  m m f l u u - u - ’

betwt - ’en t b i t -  x—ra y source , camt’r,i , emui e h s. i flfl ’ I . -  i n n  - i i  j u c - . t  c d  u - u ’  t I , , m t t int-

diameter of tiu c- x—ra y bc-aim c it t I m e ’ 5 u ” p l e ’ u - e m u r t n u .’e is  0 . 5  - u- , 13m c- . .. ~u - mp 1t ’ —

~ 
4?



to—film dis tance can be ad justed to obtain back—reflected Laue spots that

have diameters of 0.5 — 1.0 cm. Good resu l t s  are obtained wi th  a source—

to—sample distance of 12 cm and samp le— to—film distances of 3—9 Cm . A

copper x—ray source that is operated at 15 kV and 50 mA gives Laue spots

with optimum contrast for 30—mm exposures on Kodak NS—54T film when the

s a m p l e — t o — f i l m  d is tance  is 5 cm.

Laue
back-reflection
camera

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 3-9 cm

-. 12cm

Figure 14 Diagram of Laue topography apparatus

Each b a c k — r e f l e c t e d  Laue spot i s  an image of the reg ion of the sample

that is Illuminated by the x—ra y source. Crystalline misorientations

over the illuminated reg ion caunse’ grada tions of the intensity within each

La ue spot—ima ge. If the crystal is perfect , each Laue spo t is uniform in

in tensit y ove r its entire area. Ad jacent crystal grains that are only

s l i g h t l y  m i s a l i gned have sl i gl n t l y  d i f f e r e n t  image In t e n s i t i e s .  A

spo t— image that appears “mottled ” is representative of crystals that have

a hi gh dens i ty of small—angle grain boundaries .

10
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Beca use the Lauc refl e c t ions are from only the near—sur face’ reg ion of

the samp les , i t is essential th at tine surfaces be as damage free as

pos sible’. The Hg
1 

Cd Se samp les were opticall y polished and themn e t c h e d

to remove surface damage before tiuey were studied by Laue topograp h y.

Fi gure 15 is a Lace t opogra ch  of a slice cut perpendicular C c -  t I m e

g rowth  ax is  and 11.2 cm f rom the  bottom ti p of crystal IÔE . Th e symmu m net rv

of t~ne spots omn t he  p h o t o g r a p h  s :,ows tha t  the growth d i r e c t ion  is one

c h a r a c t e r i z e d  by h ui g lu ~1 il l e r — indices  (p robab l y < 123>) .  Eacin spot  r e p r e s e n n t s

an inauge of the sample surface. The white , nearly horizon tal l im m e ’ s

r e p r e s e n t  small—ang le g r a i n — b o u n d a r i e s  tha t are concave in t h e i r  ~‘ l ’ I c - n n t a —

t ion to the  incoming  x — r a y  beam. Time degree  of over lap of t ine  i m : l n u g c s

of a d j a c e n t  g ra ins  shows t ina t  t ine r e l a t i ve  misor i ent a t i on  h etwe c ’mn  g r a i m i s

is small (cc0 .25 0 ) .  The d a r k  spot j u s t  above the center of tine image

represents  a small g r a i n , and t ine  image of t h i s  grain appears  m u h u ’ v c - tbun main

image . The m i s o r ien t at i o n  of t h i s  g ra in  is a p p r o x i m a t e ly 40~

-f 
~

-

‘ -

Figure 15 Laue topog raph of HgCdSe 16E slice
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u t - - c  In , 17 a n m c i  I S s b , c - w  t u I ’ u ’ g m ’ ,- m p h u s  f r o m t hree si li-es c u t  perpen—

dj c ’ : m l n m r  t o  b u t ’  y i c - c - t h n  a x i s  n i l  d i s t a n c e s  of 2 . 2 , 7.4 and 12.3 u: t l : , respec tivel y,

m c ’: t l ie  b - u ’  t i - a :  t ip  ~f - ‘ i - ’ - -: t~~ I 2 4 A  - Thur- t op ograp hs c l e a r l y demonns t  n a t e  the

- 10(1 c i c - l , t l :  d i r e c t i o n  o h ~ t I m e  h r  i t n : u r v  m u  inn structure of tiu t’ inpu t . Figures

16 and I 7 u - , i , u u~~ a s ( mi i i  lnm r c m u b , 1 r cm c ’t e m r e  t h a t  cons is t s  of h o r i z o n ta l  l i n e s

and L u , ’ ’ I :  i i : b m l v nt i u-. c ’ t ’ i e ’ i u t , ’d g r , u i i u c  i n  t I n e  r ec i t e r .  Fi genre 1.7 s h u n s - s  e’o n n s i d e r —

cub 1~ s u m S St r ‘In t U ma n u t  C h i t -  cc - In Ct ’  r of t h e  i u i g u -  C ami d a large’ , re-c - I cmn n g u l  a r—shaped

gra i un n e - a r  Lnc’ c ’ e t m t , u .  N - s r  tha ing,ct  t~~p ( F i g m u r c ’  I S ) ,  t i me i n a g u ’  is nuore

u n i f u u r m ,  s ’iu i n l u  i s  I n d i n : u t  ly e  o~ I a-c -- c , i h u - ; I  t - a m c t c m r e . Two grains are evident

in F I c ’ u , r , - IS : a V — s h i n u t e ’ u h  p r:u in a t  t I m , -  t cu p and a small  g r a i n  at l ine I u ,w e r

r i g h t  . h i o t i  at  t a -  ~c’ gr.i b u s  m r -.- c -u n  vex  in tlueir o r i e n t a t i o n  to t u e

x—n , ’, bt’n mn , . Fl :‘arc’ 1~ is m m top ognamp ln obtaimned front a slice cut 7.5 cm

frau -n t u e  h a t  I T ,  t i p u u f crv st u-il I IA , a nn d this  image is s imi la r in q u a l i ty

to t b i c -- m ’- c ’ila n i n e - c t ( r em  c t ’ v s t n i l  2 4 A .

S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _  ‘.5
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Figure 16 Laue topograph of HaCd Se 24A slice 2.2 cm from botto m of ingot
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Fmgure 17 Laue topograph of HgCdSe 24A slice 7,4 cm from bottom of ingot
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Fi gure 18 Lane mopograp h of HgCdSe 24A slice 12,3 cm from bottom of ingot
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Fi gure 19 Laue topogra ph of HgCdSe 33A slice 7,5 cm fr om bottom of ingot

( , r ,~~La J c  - , , ‘, j f l uj  HA ‘~~r ~ m m ut t O t- comparable ’ r ;m t , -~ of 0 . 0 -
and 0.01 c m / b , , ~‘~~“e~- I jv,-1 ’: . h u t  t h u u -  ‘ - - :pe ’ r , u t u r e  g m - a d  i c - m i t  s i c  i n n c r e ’ - m ~~t’et

from I 3° c l / e ’un I - ’  I °C / em  tar t O c  n r c - s t b  a t  33A. Tine l ,, t ,u u t u p e r n u p his , ch u~’w

t h a t  t i c i s  cinain - mcI  l i t t l e - e f t ,,’ct  omn t O t ’ crystal q u a l i t y . m v s t a u l l6E

was n I - - - gn’owic -,~- t h u  - m i u - :-- i .- n ’ m m t c m r e  gm ’ m u l i . - m u t 01 1 i ’(’/u :mu - . hni ut thu e ’ u~ p&’m

6 cm was grown - m l  t, h i . ’  l u - - l u - n  n - mi t t -  a t  i m S  c m / l u . The t , l 1ncl ~ m mip lns t a r  m

sI I - - 
‘ f r oll t hu e ’  c c  , a - r ‘ - u iii - ‘ i  I e’ (F  I g um re- I ) i a !  th e ’ r- ’’ - - t in  i t  - ru:- i n  u 5t - a

and t h i s  -c c c : , : -  -‘- i s  t h u _ m t  t h e  t , i m - , t u ’ r  g n u ’ s - t b — r a t e  5 r u u I i m t - n ,c c - c y s t  H s  o f  -, i u - , u t e - ? ’

p e rt .- t i - - u i ,

5.5 I c  - - i t 1 - I c  ~, u’ i - ~~~ . - u i c ’  i t  v On te r: ’t h n at  ions

i n  i , - t , - m n u i n n ,  I S a  h u ’u: m - gu: m mt ’ :t V of ind iv i d ema l si 1 - ’~’ - , , u - u - cl u c , -:’ ,’m l t - -, s- c re-

made- ‘i u h u e  t u - u u n u — t ,  u~ ’. r u t u m n e -  ( n i t n - m u  u - u i  t r a n n s m i s c i o n u  t b i m ’ c - c c c  I n  I ttt : d h i nt ,

a t  n s - , : m l - m n  i y spat .3 i u u c , m t  i c c i i l ,  inn esmcb i Sllu ’e .  ~P,i I,\’ i ll ii ,. - s l u t - ’ - I ram

4 3
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hl gne ht’ e- in ngo C s  I I ’ll , I bE . m u nch , ‘ -‘m , \ we-  re- Sc r e -c- n i t - c l in  this manner. Re-presen—

ra t iv e ’ data n or one slice , 24AA 1, mire shown in Figure 20.

Wavelen gth (pm)
2,5 2.6 2, 7 2.8 2,9 3,0 3,1 3.2 3.3 3,4 3,5 3,6 3,7 3.8 3,9 4,0

60 1 1 
“‘T’ ” ””~ F 1 I I I i l l  I F

50 - —

HgCdSe
24AA I

~~ 40 — 300 K 
—

4,

c
p 3 0 — —

E
c
I,

~~2 0 -  -

1 0 —  —

0 I
4000 3500 3000 2500

Wave inumber (cm ” 
~~)

3 1 0

EII’~ 
2/5 

(__ 

3 0 2

0 0 0\ O  3 2 2

oo o eo
0 0 0
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Figu re 20, Representative t ransmittance spectra i’t 300 K for 1 mm diam areas on a 1 cm
diam Hg1,5 Cd5 Se crystal slice ; num bers in circles are transmission-edge
wavelengths in pm
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In Fi gures 1—2 7 are - sinenw nn th e ’  h u n t ra red— t ransml ss ion st ret’nn log r e s u l t s

f o r  c n y s t m u l s l i c e ’s t l m m i t we ’r e ’  m u - c u d  h -a r opt h e a l  m m c i i  e l e c t r i c a l  m e a s u r e m e n t s .

The small c i r e- le’s i n e l t n , i t , ’ tine l , u , , i t  i c o n s  ann the 1 cnn d i m m u m i  s i  l u - k ’s  i t tine

1 mm d lam ml remu s tim r-- u g h win helm t l i t ’  h t m l r at rt -d t r m m n n s m  i ss ion spe c t ra we re

measured. ‘the nuumm l )en- inn ,‘ m c ii circl e - is tine wave l eng t h a t  which tinat

p a r t i c u l n m r  m u r e ’ , m he- g mm nn t o  t r a n s n n i t  . In  Tainle 9 are listed appr oximate

x — v m m l u e s  t l m a t  c u ’ r n e sponel t o  v a r h u i m u s  w a v e l e n g th s ;  the  x—va l ues were  cal-

c u l a t e d  on tine bas is that tine m unat e rial has 1 x io
17 elec t r o n s/ c m 3

, and

a l t h o ugh the-  niagn i t  t h u -s ~~l t i n e  x — v a l u i e s  may not  be p rec i se , t i n e  d i f f e r e n c e

between x—va tunes t’or w m v t ’ l e n u g t n l n s  t h a t  d i f f e r  by onl y ~ l ~m are s u f f i c ien t ly

, m c c i n r m m t e - to  nss,-ss t i n e -  l ionn o ,gene I t y  e i f  the alloy slices. Specimeun s for

m e a s u r e m e n t s  u u s u , m , n l l v  wer e cu t  f r o m  t ln ose  reg ions of tine slices for wh ich

x dcv i .i t t ’d no more t m an + 0.005 from t ine  average  x—va lcme f o r  eacin spec m e n .

0 0 0 00
00

(a) 16DAH , 830 cm 1W 16 DCD , 14,30 cnn -u

0 t o

I I I I I I I I
7101

Figure 21 Homog eneity of am-grown HgCdSe 16DAH and 16DCD sl ices; numbers are
wavelengths in pm for Onset of transmission at 300 K through th e 1 mm diam
areas; blank areas did not transm it; distances oi slices from bottom t ip of the
crystal are given

4,)

F 
~~

, 

~~~ ~~~~~~ 
. : - ..

_ 
-



S O ® S O ®

0 5 0 0 0

O S
(a) 16EA6 , 4.30 cm (b) 16 EA6 , 4 -30 cmas-grown vacuum annealed

0 0 0  9 0 0

0 0 9  9 9 0

0 0 0  S O ®
Ic ) 16EB4 , 523 cm (it ) 16EB4 , 523 cm, m s u j i u , w i ,  vacuum annea led

0 10

F— I I I I I

Figure 22 Homogene ity of HgCd Se 16EA6 and 16EB4 slices; numbers are wavelength s
in ~- m for onset of tran smission thr ough the 1 mm diam areas; dista nces of
slices from bott om tip of fhe cr ystal are g iven
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/ 5 9 Vo

9 0  0 5
0 0 0  0 0 0

( a )  16EB7 , 5.70 cm (b) 16EB7 , 5 7 0 c m
as~grown vacuum annea hed

/~~~~~~~~~~~N/ 0 0  ~~~~ /® 0
e ~/

o
0 0 0 0 /

Ic ) 1 6EB 1 2 , 655 cm )d) 1 6EB 12 , 6,55 cm
as qrowun vacuum anneahed

0 10

I I I I I I I
mm

Figure 23 Homogeneity of HgCdSe 16EB7 and 16EB12 slices; numbers are wa velengths
in pm for onset o f transmission through the 1 mm diam areas ; distances of
slices from bottom tip of the crystal are g iven
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/‘~~~S E 3~O 0 7 s e e s
0 0 0 00 0 0

0 0

LmI 16EC8 803 cm - ici 1GEC 12 , 865cm
s dct iu ,fl , n , - r , - , u , u , J ‘i- , -~ - u ’ - ’

o 10

I I I I 
m~m 

I i

Figure 24 Homogeneity of HgCdSe 16 EC8 and 16 EC12 slices , numbers are wavelengths
in pm for Onset of transmiss ion at 300 K through th e 1 mm diam areas , b l a n k

areas did not transmit , distances of slices f r o nm u botto m ti p of nhe crystal are given

395 4 1 0  4 t l  4 0 2

3 86 3,88 3 90 4 00 (-:iiI~ S ~35~ 350 351 3 1,(

3,46 3 46 3 46 1 46 0 0 0
339 330 -‘1 38 339

3 39 3 39 3 39 3 39 5 5 5 5
i -nm 3 4 1 3 48 3 50

I - b  3 56 3 56 3 56 0 ~~~~~~ ‘ 0 9
3/ 0

(a ) 2 4 A : l 3 , 63 73cm (b) 24AC 15 , 6.3 - 7. 3cm

o 10
I I I I I I I I

mm

Figure 25 Homogeneity of as-grown HgCdSe 24AC13 and 24AC 15 slices; numbers are
wavelength s in pm for onset of transm ission throug h the 1 mm diam areas;
distances of slices from bottom ti p of the crystal are given
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0 0 0 0 0J
(c) 24AB l4 , 37 48cm 1db 24AB i6 , 3 ,6 - 4 . 8 cm
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Figure 26 Homogeneity of as-grown HgCdSe 24AA 1 . 24AA3 . 24AB 14 , and 24AB16

slices; numbe rs in circles are wavelengths in pm for onset of transmission
through 1 mm d iam areas; distances of s lices from bottom tip of the c rystal

are given
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(a) 33AT1 095 cm
(b) 33AT4 1.20 cm

/
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99 9 99 1,96 9 9 9 2, 16

1, 92 9 0 92 1 1

9 0 0 1 ,93 9 1 ,93

Ic) 33AT8 . 1 .64 cm (di 33AT 1 I , 1 .97 cm

0 10

I I I I 1 1 I I 1
I mm

Figure 27 Homogen eitY of as-gr own HgCdSe 33A11 33AT4 33AT8 . and 33AT11 slices;

numbe rs are wave lengths in pm for onset of transmissio n throug h the 1 mm

diam areas; distanc es of slices from bott om tip of the crysta l are given
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TABLE 9 APPROXIMATE x ’VALUES CORRESPONDING TO TRANSMISSION
E DGE W A V E L E NG THS FOR H g i ,x Cd~Se AT 300 K

Wavelength
Mole fraction of CdSe

(pm) 
_________________

2.4 0,33
2.6 031
2,8 1 1 ) 1

3.0 0 ,27
3,2 0,25
.1 -t  , 0,24
3n 023

0 ‘1
4 ,0 0 2 1
4 2  0 2 0
4 -t 0 ft
4 .6 0 1 8
- 1 8 0 1 7
50  0 1 /
5~ ) 0. 16
5 - 1  0 1 0

0,15
5.8 0.1- 1
6.0 01- 1
6,2 013
P-I 0 1 3
6 6  0 1 3
68  0 1 2
7 0  0 1 2
7 2  0 1 1
7-1 O H

A l l  u t  t h e  o h  I c e ’s o f  - r v -~ t . u l . ‘ -u ,-\ w e r u -  m . u j m ~~~u I by t h e  i n )  r a t - e d — t r a i n s —

m i t t, . m t u u ’ c - m e t b m u , t , ,  , i m n u l  t i l l .’ m ’ u ’ ’ - u m u l  I - - wem ’u - used to c u m u lI-m t r u c t  t i n e  e’q u a ] — x

c- - m I t a i m  - f u u m ’ I ‘a - p er p~ nn eI m u  n_n h - u t ’ , l onn g i I m u c h  f t - i l  p 1 m i n e s  t i n r o ugli  t l i e ’ c n’vsta l

— mhmu - w mm in F i g u i r ’  20 . ‘ l i e ’ e’ ; um a l x— c u u n t a u u m’o in tine ori giu na l I l g( ’dSt - 2 4 A

bu- u h u ’ t u ’~i ’lc d t o  3- - - t I ’ , m u u - m v u ’ m ’so t o  t int ’ cu - v m t , i l g r o w t h  d i u  u - i ’ t i o m n  a t  t h e  b o t t o m

.u mu ’ I pa r -i lit -i to t I n t ’  p u ’-y ’ t h ~I m u ’  l i o n  is r e u ’ rv s t  a l l  i z a tj o n  i nu’ act - u ’ c l t ’d .  ‘I he

i r r m ’ g m u h i r , h i 1hi ’ r —x u’Ontam lrs along oun (’ side of 24A i n d i c a t e-c t i m a t  t i n e  c r y s t a l

i -, r - wmi f rom t i ne ’  i n i t i a l  bottom l i ji h mt’ c t u ’ t ’e . mle ’II pre t’ - r e m n t i a u l l v  im p a n t e  ~ Idu- of

t l u u  i n g o t .  ‘flue n u - l a t i v u ’  u n i t o r m i t v  i t t  t I m e  c o u n t  . ‘s inn the .I oung itud innal

d i r e ’ u t ion s .- i l u O V c ’ I l i u  t - m ; - m ’ r e d , b o t t o m  s eu ’t i a u n  imp ’ t h a t  t l n e r t -  w m s  ven’v

l i t t l e -  m l x it n g u - h  the melt inn t l u ve ’r t  I i i i  d h i ’ u - ~ - t b u n  clm nriu n g cu - votm u l g r o w t h ,

f o r  u u t l a - i ’w i m ; u’  th u u u u u n t u I m r S  w ou n hc h - u -  t n ’ a m n m - m v t - n ’ se a mi d  x w o u l d  -c t  c . u u l  i l v  decrea se-

u W, m rds the t i l l)  Of  t i n e  i m mi , ’ -
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Figure 28. Equa l-x cont ours in perpendicular longitudi nal planes of HgCdSe 24A;

numbers are sc -values in hundredths
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‘ l i m e  e’ o n n t o u u r s  shown inn l-’i gu re  20 p r ay  I l u ’  an n ~-x p l , u u u a I  I u i m  u O ’  t h u

er r o u i e o i u s  conc Ins I arm I a  u ’ 1 i mu-d  d n _ m r lung p u t -  I inn i n n c l  r y  w o r k  t h a t  t I l t -  u -o r ~~s s  i t  ion of

B r i d g m n i a n — g r o w n n  u - r v s t a l s  o f  h g
1 

Cu I Oe-  u l u u u - s  t u u t  v . m m v  s i p m u i f i u ’ . u m m t  I v  in the-

long c t i m d h nn cs l d i r e - c t  h o n n . ‘ l i i i . - e q i m m u l — x  conn t eu nl r o mire it ,m r l v  v u - r u  I u ’ . u I  u r

t w u u ’ — t h i i r d s  o f  t h e ’ c ’ u - v st a i  l e n g th , a n d  t h e  av t ’r , u m u -  ‘- - v . u l & m e  n o  c ,m l e -u l a t c i

f r -em t i n e  nmm m n s s  d e r n s i t ’~’ v I n es I i t t  h e  t r am t r m m m ’ 1 S \ - e ’ u - l - c u - — s l - ‘ u t o  s l i c e - .

I h u e ’ e’ i ’v:-,t a  1 li ft h O e ’ I IA , wh i c h i  w m i , - growmn in t l ue- Br i el ni. u iu f-

a f t e r  t i m e  sc m u h i u n i— \ -- , u p u m r , i o u - t h e r m a l f u m m ’ t u . - iu - u:’— l j u s t ’s i i i  b e e m u  a d , I u ’d t o  m’ e’ d u m u e

t emp e’ r m s t u n — e- p m ’ , H i e - i m t  a , n ad a mi t t - l i  g l u t  Cr  u - , u d i . m l  i u - r , m a ,. ’ , - l m u ’ i t ’ , t l : . u m u  16 1) ,

lbE , or

0 .6  V a i n _ mum A n n n n e ’ . u I lo g  o n  Fi g
1 

Cd Ou

Vacuum um imuc ’ .’m 1 imn g o f  h g
1 

Cd Sc ml l i e s ui  Le.’n tu p e- r a tum’ es bel t \~‘ u_ -e ’ m l  2000

and 300 ° C t \ ’ 1 i c  m l i v  i cuj ue l e s  t h e ’ e , - t n j i u : : l n _’ u - l e c t r u ,in n c i -  c n tr , P  i o n  by .- u m u

o r d e r a t  nmmagn i Luu dc mmnd ij u - u ’ ax i m i i m i t n _’lv lu - mcli I e ’~. tI me I ~~~ I u ’ ” h i ~~~’ ‘ mu t im ‘‘ ‘ c ’l e’ c t  ron

m o b i l i ty .  A l l  a l l - v  ope ’ c im e n n s  su I t ’ ’ L c d  f o r  mat erial cl i a rmi - t- ’ri~m . u t u u - u n

fl]l.’a5mu r~’flu~’Ilt s a-c rc f i m ’ s t s u hj e c t u - ui  I a mm v a c t i u n i  m-in n e al , w l n i c h i  is  m u . r i u i r m e ’ d

by he ci I lun g tlR ‘ ‘ - m p t ’ ’ I l i e - OS In :s u h u m l n t z  fu r n n a c c  t u b e  t h a t  i s  co n n t  m uon _ ms lv

e-v. m ctu mi ted amn el ma i um t . u in ned  at  . i  pres su re u f - 10 0mm ( 1. x I t )  / T o r r )

The l u w e ’sL e’l c c t n  - -o u - u - u i c e m u t r m i t i o n  a c h n i c - v e -u l  by v m u c i u m u u l i  . u u i u l u O I  I i ng  was

in samp le- 2-5,\A 1, f u r  wi m i c i n  x 0. 152 .  4! t e - r  t l n i s  0. 13 mmc m t h i c k  samp le

was mnnnea led m u  vac ui um at dbO °C fo r  h i  h uind 2 4 0 ° C f o r  ann add i t  i o n n a l  93 is ,

j t ~ e l e c t  r a n t  c u m u c e - u i l r a t l o n n  wa s  0 . 4 :-, 10 15 e l e ’ct r o n ’ 1 s/ cmm - - u ~- 3 was i n d e p e n d e n t

of ternpu.’rm u tu ne- he” : w u l e n  - 5 .2  and 300 K .

5 . 7  Se - I c - m u  [ u u m i i — V , u p a m  - \ u u m u e - a l  h u n g  o f  II g
1

Cu h O e ’

A a t~ ti dy  w i  -m made iii t he  n _ -I I ‘ c~ I i  vt - n u t ’s a ul t annnn eal  j un g Fig
1 

Ld Se specimens

inn ~e v i p o r  t u  ‘c -dim e L i n e -  e x t r i n si c ’ — e i u ’ u - t  r u t  c o f l c e u n t  r u t  a m m o  i m n t h e ’ Spn_iC infletnS .

Be I - m r  he j un g ,u mu 30’ , u I ~- 1 , Is - ap e -u - im e mn s  wer e” u ’ I e- aun ee l  inn  mm~~ I 0. n u l  ann e l ~i i gin t 1 y

-t c lned. ‘ l ’ h i u ,”’ ,’ w u  ru  t I n e- un p l ; i c u ’ u l  i i i  mm q i l u ir t : ; boa t  w i t l n in a qumartz e’mupsule ,

to ge- t Icu - r witbn ~- mu t t i c  b un t S u -  in mi su - t - ,m r ;it e- boat to produce ci a : u t u u r m u t e -d Se

vOp ou’  at  t h e  in n - - i l  i t I u ~ t cap e ’ rm u t n u r e ’. i’hue q ummi i’t z u ’m up r-uui - - S i : .  t in e n  e v m u u ’ m i c n t  i’d

to m l  p r u ’ s~~u u r u - o f  I mP , i  ( I  x i t)  ‘1 I’ urr) annul l i e-at eul  to 25i) ” C t o  d r i v e  o i l

t-o fl u m i m i nmt u nts t h a t  may h i m t v e  b e e n  , m i - s u m n ’ b c u h  ott  t i n e  O u~- 
~~‘ h  I t  I and  spec’ imen

su m r l u m -  a .  ‘ I O u  u m i p s t i l e  w ,is  t h u - i n  u - v . u c i m ; n t p e l  t o ~~10 - I , i (I x ~~~~ 
‘l’ o r r )
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back—filled wit in He gas to - 100 Pa (1 Torr), and sealed . The capsule and

i t s  contents were tinen heated in a furnace , wh ich was controlled to maintain

tine desired annealing temperature. Se—vapor anneals were terminated by

quick ly removing tin e capsule from the furnace and quenching one end in ice

w a t e r .  Th i s  was done to condennse the  Se vapor onto the capsule walls and

to avoid coating the Hg
1 

Cd Se specimens. The He gas in the capsule

e f f ecte d mi r a p i d  cool ing of ti ne speci memns .

Five Hg
1 

Cd Se samples we’re annealed in Se vapor at 200°C for 85 h ,

at 250°c for 70 in , and subsequentl y, a t 350°C for 17 h. These samp les

were cu t f r o m  the  same p iece of ingo t and m ad x a 0.29 . The extrinsic

elec tron conncentrations and mobi lities in the  samp les as—grown and as—

ann ealed are listed in Table 10. Equilibr ium between the samp les and Se

vapor  a t  200° C a p p a r e n t l y  was no t  achieved , but the near uniformity of the

properties of the  samp les a f t e r  tine hi gher— temperature anneals indicates

t h a t  e q u i l i b r i u m  was achieved at the higher temperatures .

TABLE 10 ELECTRICAL CHARACTERISTICS OF HgO i1CdO 29S8 ANNEALED
IN  Se VAPOR

S~ n,pio No AT2 AT4 A15 AT3 AT6

1 k uOfl-uuI-  0630 04 9 7  0 388 0 628 0467

T a e u p o . a , u u e  - ~ap - , ’ - . °C -  A c - 200 250 350 AG 200 250 350 AG 700 250 350 250 250
iJ.a a-ouu of So a,pua a r , 0 a  161 85 70 17 85 70 n7 85 70 7 70 70

C eu ‘ c a  a a e o t r .  4 — 300~~ , 1 u 2 1 02 l i i  1 21 u iii 096 099 12 2  090 095 096 1 07 096
mo ul cm 3i

n_u ec, o, - 4 2 K m  1 91 2 0 ’  2 on i 56 1 76 I 92 u 85 1 50 I 73 u 93 1 96 1 94 1 9 2

80 ci 77 I 28 I 34 I 30 u , o  1 u 1 t 26 23 104 1 tG i 28 1 2? 1 26 1 27

____  
3 00 K-  

- 
0~ 6 0275 0 284 0 275 0 259 02f l  0 276 0270 024 7  0 254 0 2 / 7  0 264 0 259 0278

af 4 2  K . 300 -- -a u-a -  699 7 19 7 3 5  ft 10 659  694  693 609 686 698 7 5 5  7 6 7  691

Hg 1 
Cd Se remains n—type upon being annealed in Se vapor , and the

eq uilibrium conduction—electron concentration is sligh t ly larger for a

350°C anneal than for a 250°C anneal. Prolonged annealing of Hg
1 

Cd Se
in Sc vapor cannot effect electron concentrations as low as those that

are readil y achieved by annealin g in vacuum .

For a given conduc tion—electron concentration , the ra tio of the

e l e c t r o n  m o b i l i t y  at 4 . 2  K to t h a t  at 300 K is ind i ca t ive  of the degree of

crystalline perfection. As Table 10 shows , the o~
(4. 2 K ) / i m  ( 300 K)  ra t io  of

Hg1 Cd Se increases when the alloy is annealed in Se vapor , and this

impli es that the annealing reduces the concentration of poin t defects

tha t were presen t in the as—grown alloy .
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5.8 Trace l~~purit ,~~~~,yses

Samples were submitted to two testing laboratories , identified here

as Lab A and Lab B , for trace impurity analyses. Lab A did a mass

spectrographic annalysis of a single—crystal slice 1bEC1. Both laboratories

performed atomic emission spectrographic analyses on identically—pre par ed ,

pulverized , specimens 16DAK and 16DCF. Lab B also performed atomic

emission spectrographic analyses on p u l v e r i z e d  spe c imens 16DAF , 16EC3 ,

16EE6 , and 16ET2.

I’bi~ anal yses a re  t a b u l a t e d  in ‘lab l e  11. k I e - c , i i u a n _ ’ of cu -n! l i e  t i m i g

mass l im es f rom tine major  elements  H g,  Cd , and Se , t ine  mass spect r og r aph

could no t be analyzed for the elements Er , Eu , Fe , Gd , ir , Mm , Os , Pd , Pt ,

Re , Rh , Rn_ i , Si , Sm , Tb , Tin , Tm , U , or V. Tine mass spectrograp inic analysis

showed t h i a t  t ime 0, S, and Te impurity levels are low . The emission

spectrographic analyses of 1bDAI< and 16DCF were si g n i f i c a n t ly different

fo r  the two l abo ra to r i e s .  Lab B found 7—10 ppm In and 7—10 ppm Ni , and

Lab A detected none. Lab A found 2—20 ppm Fe , and Lab B found 0.1 ppm Fe.

The e lemen t s  used to p r epa re  the  a l loys  had less than 1—5 ppm

impurities according to the analysis of the vendor. The major con taminant

that could be introduced during reaction and crystal growth of the alloys

is Si f rom the  q u a r t z  tub ing. Some con tamina t ion  could have been

introduced during pulverization of tine samp les. However , t he  t o t a l  impurity

content  o f  30—50 ppm that is lindicated by the analyses is un’naccountablv

large , annd it is probab l e- that most of tine impurities were presen t in the

Hg, Cd , and Sc starting materials.
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TABLE 11. TRACE IMPURITY ANALY SES OF HgCdSe 16D AND 16E.
NUMBERS ARE PARTS PER MILLION BY WEIGHT. NO ENTRY
MEANS ELEMENT NOT DETECTED.

Mass
spectrograph ic Atomic emiss ion spectrograp h analysis

an am y s us
Element

Lab A Lab A Lab B Lab A Lab B Lab B

16EC1 16 OAK 16 OAK 16 DCF 16 OCF 16 OAF 16 EC3 16 EE6 16 ET2

A g 05  <1 1 0,7
Ai 10 3-7 5 5-10 5 5 10 10 10
As 02
A u  <02
B <0 05
Ba <0,1
Be
B <02
Br ‘-‘.1
C 21
ca 5 1 1 2
Ce <01
CI 0 1
Co <0 05
Cr 0 2
Cs < O u
Cu 05  <1 0 3  1-3 0 1  0,5 0,5 0 3
Dv <2
F — -.2
Fe • 2 0 1  20 0, 1 0 _ i 0,5 05  05
Ga —.05
Ge (0,1
Hf -~0 5
Ho

-..0 1
in  <- 0 5  7 10 ~0 20 5 20
K t O
La --.11 1

<001
Lu <0 2
Mg 2 2 6 2 7 5 8 4 10
Mn • 3
Mc . 1
N (2)
Na 1
Nb
Nd ‘—.05
N - -.02 7 1 0
0 0 2 )
P <0, 1
Pb <05 35
Pr <01
Rb  <01
S 5
Sb <0 2  5 20 5 7 20 10 40 30
Sc <0 02
Su • 5- 7 2 5-7 2 3 5 5 5
Sn 0,5
Sr
Ta - 0 2

- : 0 2
02

Ti
W
Y ‘~ 0 5
Yb - 2
Zn
Zr

Elem ent nun ana yz ab e f ly ma,, s p ec t r o gr uoh y because ot co nfu ctun g 1-1g. Cd , or Sa m.,, final
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n .  ELEC’I’ R I (A1. PRUPER’J’Ji : i i -  f~~’ _ I ul S- Al I u I ’i S

6. 1 G a l v m - ’m m n o r n m i~~n n e t i c  M e a s u r e m e n t s

Hg ( d  Si- al Joy s  a r e  in iva r  i ab l v  I n —I - - ~ - -  . t i m  - i c .  ‘ i ,~ t ion u - i n _ u t  r ein
l-x x -

c o u c e n n t  r a t i o n s  f r o m  3 x 10 n _ - h - c t r o n s / c ’n u  in i s — ~~I c~~~~I i  }Ig ~<t ’ (x = 
~ ) t e u  as

low m I s  1.3 x i0
16 e le c t r o ns/ c m 3 in m f s — g r u u w m m  : i l l u u y s  w i t h  x~~ 0. -, . A n n n e a l j n g

t h e  a l  I ovs i n  hg v m u j u - 1  c ause s  ann i I n u ’ r e ’m i s e - In t i u r  - i n _ c t  ron c o i nc e n t  n ’ . I i on  -

and a n n n e a l  ing  in vacuum d e e r  ases t i i t -  c - i  t m ’  t r o n  u~ u I n i c n _ ’ I t t ,  r a t  i o n .  ‘H i t ’  e on—

d n _ m c t i o n  e i c c  t r u i m i s  c u r e  app mi re m n t lv  a r e s u l t  ot  Hg in ex c es s  o l  st o i - i m i o m e t r y .

C a l v u m n o n m a g n e t i c  n n e a s n _ m r e m e n t s  we ’re-  made t u l  determine tine temperature

depende nces of the conduction—electron concentration , ni , and e- 1t-c t ron

mobil it y , c , oI Hg Cd Se’ speu ’ i mens w i t i n  v a r i o u s  x—v ,u liii’s. Huese
- mn x

quain t ities are calculated from tine measured H a l l  c o e f f i c  i c - m I t , RH ,  and tine

electrical conductivit y , ~~~, in accordance  wi t i n  t h e  r e la t ions

n = —l/RHe (38)

and

= K -
, (39)

m m II

wher e ’  e i s  t h e  n im m~~m m i t i m d e  of t he  c h a r g e  of an elec t ron .

M u - s t  o f t h e  c i t -c t r i c al  c o n d u c t i v i t  v annd Hall coc ff i c I e m i t  m& ’ . i s c l m ’ u - m ~iu - n t  S

were  made on ci r c n _ m l a n -  or  i r r c - : : c m  Ian v—shaped sI 1 ct -s em s i nng l  e - - m ’v s t  1 Is by

the met h od of van der F,uuiw ~. in  s ine u : m m s t - s  , r c - u ’t an g i i l a r  p a r a l  lelepipe ds

wer e cu t  f r o m i c  c r y s t a l  sl i ce s  f o r  t h e -  el ectrii - mm i nie ’m istm rm- nit ’m it s . and t i n t - s e

t v p i c a i l y  m e a s u r e d  1 x 1 x 10 mon .

Potent i ml and Flail—voltage lem ids were U . 05 mm diam Pt wire ’s , whi t -in

w e - re  s p a r k — w e l d e d  to  the samp i u- s . C n _ mrr u- n t leads t t r  t i n e -  n e - e t a n g m n l a r  b a r s

were  i n d i n m i n— s o i d e ’r e d  to t i ne  ends  of the  samp les.

‘l i ne  samp l e - s  Wer e ’  g r o u n d , p o i i  sined , and e t c h e d  ‘ u t  u - r e - the ’  t - i e c t  r i  cal

le ads were  at tmmu ’I i u-d . Tim e c tc in i ng w e-c donnc by innnnn e rs I ng t i n e  s , m r . m l - ]  u - ~~ i n

a solut i u - t m o I I Br2 in methanol and then rinsing rep eat n _ - ill s inn ii 50~1

c-I  r i a n n o l  , lu U V  l iu ’Ii, -i u Il e soinmt j oin .

;;_
~~~~~ ~~~~~ 
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The elec trical resistivity , Hall coefficien t , conduc tion—electron

concen t ra t ion , and elec tron nnob i lity at 4.2 , 80 , and 300 K are lis ted

in Table 12 tar Hg Cd Se c r y s ta l s  t h a t  had x—values f rom 0.15 to 0 .60 .I- x x
Also listed in this table are the electrical measurement technique for

each sample , tine specimen annealing history, the specimen thickness , and

the mole fraction CdSe as determined from time mass density measurements.

The temperature dependences from 4.2 to 300 K of the electrical

resistivity, conduction—electron concentration , and electron mobility for

the  samples l i s ted in Table  12 are shown in Figures 29—66.

The extrinsic electron c o n c e n t r at i on  inn most of the  samples is too h ig h

f o r  the thermal  e x c i t a t i o n  of electrons from the valence band to cause a

si g n i f i c a n t  t e m p e r a t u r e  dependence of the electron concentration. The

temperature dependence of tine electron concentration can be calculated

if the Kane energy—band model f o r  lnSb 25 is ass umed to be valid for the

Hg
1 

Cd Se a l loys  and if the energy gap,  E
~~

, is assumed to vm irv liuearl y

w i t h  x .  The small temperature dependence of n for 16EC8 and 16EC12 ,

Figures 30 and 32 , is in accord with tha t calculated from Kane ’s model.

For Hg
1 

Cd Se crystals with large x, for which the energy gap is

large , the electron concentration as a function of temperature sometimes

e x h i b i t s  a minimum , as imn the case of 33AT1 in Figure 66. Such behavior

can be explained only if there are both acceptor and donor states lying

between the v a l e n c e — b a n d  and conduction—band energies.
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Figure 29 Electrical resistivity as a function of temperature for Hg0 847Cd0 153Se
(16EC8) annealed at 239°C in vacuum for 48 h
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Figure 30 Conduction-electron concentration and mobilit y as functions of temperature
for Hg0 847Cd 0 153Se (16EC8) annealed at 239°C in vacuum for 48 h
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Figure 31 Electrical resist ivity as a funct ion of temp erature for Hg0 ~~7Cd0 153Se

(16EC12) annealed in vacuum at 203°C for 288 h
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Figure 32 Conduction-electron conc entration and mob i lity as functions of temperature
for Hg0 847 Cd 0 153Se (1SEC1 2) annealed at 203°C in vacuum for 288 h
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Figure 33 Electrical resistivity as a function of temperature for Hg0 838Cd0162 Se
(16 DAH) as-gr own
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Figure 34 Conduction-electron Concentration and mobility as functions of temperature
for Hg0 g~~Cd0 1  62Se (1 6DAH) as-grown
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Figure 35 Electrica l resistivity as a function of temp erature for Hg0 806Cd0 1~~~Se
(1 6EB 12) annealed in vacuum at 239°C for 48 h
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Figure 36. Conductio n~electron concentration and mobility as functions of temp erature
for Hg0 806Cd0 lg4Se (16EB12) annealed in vacuum at 239°C for 48 h
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Figure 37 Electri cal resistivit y as a function of tem perature for Hg0 806Cd0 194Se

(16E B12-S) annealed in vacu um at 239°C for 48 h
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Figure 38 Conduct ion .eleCtrOfl conce ntration and mobil ity as functions of temperature
for Hg0 806Cd0 1g 4Se (16E B12-S) annealed in vacuu m at 239°C for 48 h
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Figure 39 Electrical resistivity as a function of temp erature for Hg0 793Cd 0 207Se
(16EB7) annealed in vacuum at 239°C for 48 h
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Figure 40. Conduction-e lectron concentration and mobili ty as functions of temp erature
for Hg0 7g3Cd0 207Se ( 16EB7) annealed in vacuum at 239°C for 48 h
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Figure 41 Electrical resi Stivity as a function of temperature for Hg0 793Cd0 207Se
(16EB7-S l annealed in vacuum at 239°C for 48 h
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Figure 42. Conduct ion-e’ect ron concentration and mobility as functions of tem perature
for Hg0 793Cd0.2018e (16EB7-S) annealed in vacuum at 239°C for 48 h
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Figure 43 Electr ical resistivity as a function of temp erature for
Hgtj 791Cd0 20gSe (16DCD) as-grown
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Figure 44. Conduction-electron mobility for Hg0 791 Cd0 209S (1 BDCD) as-grown
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Fi gure 45 Electrical res istivity as a fun ction of temp erature for Hg0 784Cd0 216Se
(24AC15) annealed in vacuum at 232°C for 142 h
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Figure 46 Conduction-electron conc entration and mobility for Hg0 784Cd0 21 6Se
(24AC15) annealed in vacuum at 232°C for 142 h
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Figure 47 Electrical resistivi ty as a function of temp erature for Hg(J772Cd0 228Se
(16EA6) annealed in vacuum at 239°C for 48 h
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Figure 48 Conduction-electron concentration and mobili ty as funct ions of temp erature
for Hg0 772Cd0 228S (16EA6) annealed at 239°C in vacuum for 48 h
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Figure 49 Electrical resistivity as a function of temp erature for Hg0 74gCd0 251Se
(24AB 14) annealed in vacuum at 240°C for 93 h
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Fi gure 50 Conduction -electron concentration and mobili ty as functions of temperature
for Hg0 749Cd0 251Se (24AB 14) annealed in vacuum at 240°C for 93 h
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Figure 51 Electrical resistivi ty as a function of temp erature for Hg0 703Cd0 297Se
(24AC13) as-grown
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Figure 52 Conduction-electron concentrati on and mobility as functions of temp erature
for Hg0 703Cd0 297Se (24AC13) as-grown
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Figure 53 Electrical resistivity as a function of temp erature for Hg0 672Cd0 328Se
(24A8i6-i) annealed in vacuum at 240°C for 93 h
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Figure 54 Conduction-electron concentration and mobili ty as funct ions of temperature
for Hg0 672Cd0 3288e (24AB 16-1 ) annealed in vacuum at 240°C for 93 h
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Fi gure 55 Electrical resistivity as a function of temp erature for Hggj 672Cd0 3288e
(24AB 16-2) annealed in vacuum at 240°C for 93 h

-~ ________ ___________________ 1810 - 4 1 1 1 1  rr f Tr TT~ f T  N H 1 1 1 ( 1 )  H t 10

RgCdSe 24AB16-2 
C-)

Vacuum annealed 

~1-
~ ~~~ 

,~ ,_ 10 17 
~

io 2 1 1 1 1 1 1 1 1 1  t I l l  1 1 1 1 1  l I l t  1 1 1 1 1  10 16
0 100 200 300

Temperature (K)

Figure 56 Conduction -electron concentration and mobility as functions of temperature
for Hg0 672Cd0 328Se (24AB 16-2) annealed in vacuum at 240°C for 93 h;
polis hed after anneal
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Figure 57 Electrical resistivity as a function of temperatu s e for Hg~~~~8Cd0 352Se
(24AA1-1) annealed in vacuu m at 260°C for 67 h
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Figure 58 Conduction-electron mobility as a function of temp erature for
Hg0 MSCdO 352Se (24AA1- 1) annealed in vacuum at 260°C for 67 h
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Figure 59 Electrical resistivity as a function of temperature for Hg0 M8CdO 352Se
(24AA 1-2) annealed in vacuum at 260°C for 67 h and 240°C for 93 h
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Figure 60 Conduction-electron mobility as a function of temperature for
Hg0~~8CdQ 352Se (24AA 1-2) annealed in vacuum at 260°C for 67 h and
240°C for 93 Ps
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Figure 61 Electrical resistivity as a function of temp erature for Hg0~~ 8Cd0 352Se
(24AA 1-3) annealed in vacuum at 260°C for 67 Ps and at 240°C for 93 Ps
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Figure 62 Conduction-electron concentration and mobility as functions of temp erature
for Hgsj~~~8Cd~~352Se (24AA 1-3) annealed in vacuum at 260°C for 67 Ps
and 240°C for 93 Ps; pol ished after anneal
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Figure 63 Electrical resistivi t y as a function of temperature for Hg0 634Cd0 366Se
(24AA 3-S) as-grown
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Figure 64 Conduction-electron mobility as a function of tem perature for
Hgcj634Cd0 366Se (24AA3-S ) as-grown
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Figure 65 Electrical resistivity as a function of temperature for Hgrj 400Cd0600Se
(33AT 1) as-grown
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Figure 66 Conduction- electron concentration and mobility as functions of temperature
for Hg0460Cd0 61ji~Se (33AT1) as grown
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6 .2  E lec t ron_ Mob i i4~ y~~~~~~unc t ion of Alloy çomposit ion

The conduc t ion—elec t ron  mobil i tle s  a t  4 .2 , 80 , an d 100 K as f u n c ti on s

of x for  the Hg 1 Cd Se a l loys in Table 12 are shown in Figures  67 , 68 , and

69 , r e spec t i ve ly .

The conduc t ion—elec t ron  m o b i l i t y  is limited at low temperatures by

ioni zed impur i t i es  and n e u t r a l  d e f e c t s .  As the t empera tu re  of an a l loy

Is in c r eased above 50 K , the  s ca t t e r ing  of conduct ion e lec t rons  by optical

phonons associated wi th  both Hg and Cd atoms becomes the dominant  m o b i l i ty -

lim i t ing  f a c t o r .  Al loy s c a t t e r i n g  and s c a t t e r i n g  by a c o u s t i c  modes also

are important  at higher  t empera tu res .
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Fi gure 67 Electron mobi l ities of Hg~.~CcJ~Se alloys at 4.2 K: ( 0 )  Reference 9;
IS) Reference 24 ; ( a )  thi s report . Shaded area is calculated range of mobi l iti es.
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Fi gure 68 Electron mobi lities of Hg1.~Cd~Se alloys at 80 K
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Figure 69 Electron mobi l ities of Hg1 .~Cd~Se alloys at 300 K

80

If -. 

— 
~~~~~~~ 

.. a ~
. 

-
‘ 

- —- 

a’— 

_i___ . 
~~~~~~~~~~~~~ .. .. —



~~—---- - --. 
- - -- ----- - - -- 

The ionized—impuri ty limited mobility of the Hg
1 

Cd Se alloys at 4.2 K

was c a l c u l a t e d  by the  method of Refe rence  9. For these calculations , a

r e l a x a t i o n — t i m e  approxima t ion was emp loyed , and comp let e  degeneracy of the

conduc t ion  e lec t rons  was assumed. The c a l c u l a t i o n s  t h e r e f o r e  are valid only

f o r  ve ry  low t empera tu re s  (< 10 K ) .  T u e  expression for  the conduc t ion

e l e c t r o n  m o b i l i t y  is

(40)
I 2N

1
e rn*~

-
~

w h e r e  = c for E
G 2 0, E = + (8e 2m~ /’i ffi 2 k) fo r E G < 0 , k is the  wave—

number of e l e c t r o n s  t ha t  have the Ferm i ent . rgy , and m* is the z o n e — c e n t e r

e f f e c t i v e  mass of a conduc t ion  e l e c t r o n .  The conduction—band symmetry

enters Into this expression throug h the scattering function , ~~, w h i c h  is

g iven exp l i c i t ly in Refe rence 9. The s t a t i c  d i e l ec t r i c  cons tan t , E
0
, is

assumed to vary linearly between the values of 25.6 for HgSe 26 and 9.7 for

CdSe 27 
In Equation (40), N

1 is the concen tr a t i on  of ionized imp uri ties ,

w h i c h  are assumed to be s ingly ion ized , and m* is the conduction—electron

e f f e c t i v e  mass at the  Fermi level .  The v a r i a t i o n  of the  energy  gap w i t h

x is impl ic i t  in E qu a t ion (40)  because of the  te rm s and m *. For the

c a l c u l a t i on of e lect ron mobilities . E~. was assumed to va ry  l inear ly  between

the val ues of — 0 .22  eV for  H gSe 28 and 1.84 eV for  CdSe 29

The range of ca lcu la ted  e f t rt r o n  snobilities fo r  H g 1 
Cd
~
Se a l loys

ha v in g N 1 between 3 x 1016 and 3 x 1017 cm 3 is shown by the  shaded region

in Fi gu re 67.  P lo t ted  i 11 Fi gu re 67 are values from Table 12 fo r  the

measured mob i l i t i e s  at 4 . 2  K of Hg Cd Se specimens  tha t had elec tron
16 

l-x X 17 -3con c e n t r a t i o n s  between 3 x 10 and 3 x 10 cm . Also shown in Fi gure

67 are m o b i l i t ie s  at 4 . 2  K measured by Lehoczky ,  Broerman , Whi tsett ,

and Ne lson 9 and by S tankiewicz , Gi r ia t , and Doh rowski 24 fo r  HgSe crystals

t ha t  had e lect ron concen t r a t i ons  between 3 x 1016 and 3 x 1017 cm 3 . The

measured m o h i l i t i e s  syst ema t i c a l l y  fall below the calculated range as x

inc reases. This d e p a r t u r e  of the  measured m oh i l i t I e s  from the  ca lcu la ted

range impl ies  t h at  e l e c t r o n — s c a t t e r i n g  agen t s  o the r  than i on i zed  i m p u r i t i e s

may be i m p o r t a n t  in t h e  H g 1 
Cd Se a l l o y s , a l t h o u g h  t l te  d i sc repency  may be

p a r t l y  caused b y diff erent behaviors of and E (. t han  were  assumed in the

ca l c u l a t i o n s  and by the  Hg—Cd d i s o r d e r  in t h e  c r y s t a l  l a t ti e~~.
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7. INFRA RE D ABSORPTION AND DEPENDENCE OF ENERGY

GAP ON COMPOSITION OF Hg Cd Se ALLOYS
1-x x

7.1 I n fr ar e d~~~~~~~~~l A ~ so~~~t ion

The dependence of the fundamental energy gap on composition and

temperature were determined from infrared transmission measurements on

Hg Cd Se alloys with x—vaiues from 0.153 to 0.366. The f un c t iona ll-x x
re la t ion  between energy gap , composi t ion , and tempe ratu r e ca n be u sed to

c alc ul at e  the compositional dependence of the i n t r in s i c  car r ie r  concen-

tration and the radiative and Auger lifetimes , on which the responsivity

and noise of a detector element are dependent. From such calculations ,

t he u l t i m a t e  de tec tor  performance tha t  can be achieved with this alloy

system can be p redicted as a funct ion  of wavelength , tempe r a t u re , and

backg round—rad ia t ion  f lux .

O p t i c a l  absorpt ion occurs when an inc ident  photon has s u f f i c i e n t

energy to excite an electron from a filled valence—band state into an

empty state in the conduction band. If the electron energy band—gap of

art alloy crystal is denoted by E
G 

and the Fermi energy of the conduction

electrons is denoted by E~ , the condItion for a photon of energy E to be

absorbed in the  crystal  at  0 K is E > EF + EG . Infrared radiation with

photon energies less than EF + EG (or with wavelengths greater than

hc/ ( E F + Ec), where h is Planck’s constant and c is the speed of light,

will be transmitted through the material. On this basis, the infrared

transmittance spectra will be a step— function curve , having finite values

for E < E
F + E

~ 
and being zero for E > EF + E

~
. However , even in ideal

materials , there are band—ed ge tail effects , wh ich stretch the wavelength

Interval of transition from finite to zero transmittance . Furthermore ,

as the temperature and the conduction—electron concentration are increased ,

the departure from degeneracy of the electrons causes further rounding

of the infrared transmittance transition—region . In the specific case

of the Hg1 Cd Se alloys, slight inhomogeneities in the composition will

cause a range of values of E
~ 

in a single specimen , and this will addition-

ally round the transmission edge. To quantitatively separate the various

factors which affect the transmittance curve , it is necessary to select

samples that are homogeneous and to perform detailed analyses to separate

the various contributions to the optical absorption .
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7 . 2  Preparation of Samrp les for  Opt ica l  Measu remen t s

Samp les for this study were cut from single—crys tal HgCdSe ingots 16E

and 26A. The 1—mm th ick samp les were annealed  in va cuum a t t empera tu res

from 200 to 250 °C for periods up to 200 h. The annealing improved the

uniformity of the material and reduced the extrinsic electron concentration .

Equal amounts of material were ground and polished from each side of a

samp le until its thickness was 400 — 500 ~:m. At this thickness the com-

posi t ional u n i f o r m i ty of each s l i ce  could be assessed eas i ly by the

infrared— transmission scanning method described in Section 5.5. Specimens

were cut from homogeneous regions of each slice , and their compositions

were de termined by mass—density measurements. The temperature dependences

of the electron concentration and mobility f rom 4 . 2  to 300 K were then

measured fo r  each samp le. Samples that had compositional homogeneity and

normal elec tr i ca l  proper ties were then further reduced in thickness for

op tical—transmission measurements. For the final grinding and pol i s h i ng,

the specimens were bonded to a polishing holder w i t h  a low—temper ature

thermop lastic , and grinding and polishing were performed in steps with

successively finer abrasive grits. The layer thickness removed at each

step was 4—10 t imes the  d i a m e t e r  of the  ab ra s ive  g r i t  used in  t h e

preceding step, and t h e  f i n a l — s t e p  g r i t  was 0 .03  rn d iam L s l t I r n h l i a  powder .

This  procedure was used on bo th  sides of t h e  samp le , and x — r a y  t o p o g r a p hs

and the optical absorption measurement s showed t h a t  the  s u r f a c e  damage

was very s m a l l .  G r i n d i n g  and polishing must be carefully performed because

surface damage can have LI significant effect on the  shape of the optical—

transmission edge , particularly at low absorption—coefficient values. The

ra tio of f i n a l  polishing—gri t size to sample thickness must be as small

as p r a c t i c a b l e .

The thickness o~ each samp le was meas ur ed af ter i ts t r a n s m i s s i o n

spectra were o b t a i n e d .  A c a l i b r a t e d , e l e c t ro n i c , t h i c k n e s s  gLl l l g e  was

used to measu r e the th icknesses, and the ; -cll r ;o-v of t h i c k n e s s  r n a - a s u r e m e n t s

was + 3% f o r  sample t h i c k n e s s e s  be tween  10 and 100 n i .

7. 3 I n f r a r e d  T r a n s m i t t a n c e  Sj~ect r a

The n f r a r e d  t r a n s m i t t a n c e  s p e c t r a  f r o m  4P0 t o  500() cm ’ wavenumbers

(2 t o  25 . ;rn w av e1 i ~Ii~~t i s )  were  o b t a i n e d  a t  severa l t e m p e r a t u r e s  f r o m  5 to

300 K I or f I g  Cd Se spe incus t h a t  had x— v a lu e s  f r o m  0.15 3 t o  0. IhI ~ - The1-x x
spec t r i  ir e  shown in Fi gures  7G-- c~.
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Figure 70 Infrared transmittance spectra at different temperatures for Hg0 847 Cd0 153Se
(16EC8) annealed in vacuum at 239°C for 48 h
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Fi gure 71 Infrared transmittance spectra at different temperatures for as-grown
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Figure 72 Infrared transmittance spectra at different temperatures for
Hg0 806Cd0 194Se (16E B12) annealed at 239°C in vacuum for 48 h
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Figure 73 Infrared transmittance spectra at different temperatures for as-grown
P1g0 7g1 Cd0 20gSe (160C0)
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Figure 74 Infrared transmittance spectra at different temperatures for

Hg0 775Cd~ 225Se (16EB4 ) annealed at 239°C in vacuum for 48 h
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Figure 75 Infrared transmittance spectra at different temperatures for
Hg~ 77~Cd0 228Se (16EA6) annealed at 239°C in vacuum for 48 h
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Figure 76 Infrared transmittance spectra at different temperatures for Hg0 747Cd0 253Se
(16LG) annealed in vacuum at 240°C for 48 h

87

I — — — . —.
~~~~~~~

- _:. - 
•~ - ~ 4~ . ‘ —. -

- -.—-— .



Wavelength (pm)

E ~

~_ _ _ _ _

2200 2400 2600 2800 3000 3200 3400
Wavenumber (cm 1)

Figure 77 Infrared transmittance spectra at different temperatures for Hg0 703Cd0 ~2g7Se
(24AC13) as-grown
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Figure 78 Infrared transmittance spectra at different temperatures of as-grown
Hg0~~ 4CdQ 366Se 124AA3)
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As shown in Figures 71 and 73 , the infrared transmitt ance of tiji-

as—grown specimens , I6DA}I and 16DCD , falls to zero at long wavelengths.

This is a consequence of the re latively high electron concentrat Ions in

these samples (Figures 34 and 44), which causes a large free—carrier

absorption . The broadness of the transition to zero transmission ~it short

wavelengths was determined to be caused by compositional inhomogeneities

in these samples.

On the basis of the homogeneity screening described in Section 5 5 ,

selected areas of 16EC8, 16EB12 , 16EB4, 16EA6 , 16LG , 24AC13, and 24AA 3

slices were used for infrared—transmission measurements because of their

high degree of homogeneity. The t ransmittance spectra for these samples

after they were annealed at 239°C in vacuum for 48 h are shown in Figures

70, 72, and 74—78. The transmission edges for these samples are much

narrower than those for 16DAH and 16DCD, and the rounding of the trans-

mission edges is caused by band—ed ge tailing and non—degeneracy of the

electron distribution. The transmittance spectra of these samp les have

well—defined interference fringes , which for clarity of presentation are

not shown in Figures 72, 74, 75, and 78.

7.4 Index of Refraction

The index of refraction , n~ , can be calculated from the spacing of the

interference fringes of the transmittance spectra from the relation

rn 1 , (41)
n* =  —_ _ _ _ _

LU \) —n + m  n

where ~. and v are the wavenumbers at n th and (n + 111)th interferencen n + m
peaks , m is the number of fringes between these peaks , and d is the samp le

thickness. This determination of n* is precise , but as M~ ss 30 noted , it

is insensitive to any l inear dependence of n* on wavelength. The index of

refraction was determined by this method from the interference fringes in

the transmittance spectra of HgCdSe 16EC8, l6EBl2 , 16EA6 , I6LG , and 24ACl3;

the results are summarized in Table 13. In this table , the values given are

interpolations between data points if spectra were not ohtaiaed for a

sample at temperatures that coinc ide with those listed .
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TABLE 13. INDEX OF REFRACTION OF Hgi.x Cdx Se ALLOYS AT DIFFERENT
TEMPERATUR ES; BASED ON TRANSMITTANCE-SPECTRA
INTERFERENCE FRINGES

Temperature Index of refraction . n

168C8 16EB12 16EA6 16LG 24AC13(K) x = 0.153 a = 0.194 x = 0.228 x = 0.253 a 0.297

10 4.90 3.79 3.70 3.45 3.21

25 4.68 3.75 3.71 3.42 3.21

50 4.42 3.69 3.64 3.35 3.20

75 4.42 3.62 355 3.34 3.20

100 4.29 3.57 3.37 3.34 3.20

125 4.23 3.50 3.36 3.30 3.18

150 4.18 3,45 3.37 3.27 3.16

175 4.10 3.40 3.54 3.24 3.14

200 4.03 3.40 3.43 3.23 3.13

250 3.95 3.43 3.38 3.13 3, 11

300 3 86 3.39 3.41 3.11 3.09

The index of refraction can also be estimated from the transmittance

of a specimen in the spectral region above the transmission edge. In this

spectral region , the abs.orptance, a , is nearly zero . In general, the

transmittance is related to the absorptance according to

2 -ctd
(l—R) 

2 d 
(42)

l-R e a

where f is the transmittance of the sample , a is the absorption coefficient ,
d is the sample thickness , and R represents reflection losses. R is

calculated from the expression

R = (~~~ +~~ 
)

2 
.

When . t 0, Equation (43) reduces to

~ 
~~~~

. (a = 0), (44)
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or

R 
~ ~ (~x 0). (45)

If Equations (43) and (45) are solved simultaneously for n~ , the result is

n* = 
j~_ -~~~)

112 
(
~ 

= 0). (46)

Except for 16ECS , for which n* is markedly dependent on temperature , the n~

values calculated from Equation (46) are within 1—3% of the values

determined from the interference fringes and given in Table 13. The n*

values calculated from Equation (46) compared with the values In Table 13

for 16EC8 ranged from 7% larger at 10 K to 11% smaller at 300 K.

Implicit in the derivations given here is the assumption that n~’ is

independent of wavelength. The determination of the dependence of n~ on

wavelength requires reflectance spectra , which were not obtained for this

study.

As can be seen from Table 13, the index of refraction generally

decreases as the temperature increases for all compositions of Hg1~~ Cd~ Se

for which  0.15 < x < 0.30, and the ra te of dec rease is large r for smaller

x.

7.5 Absor,p t ance  Sj e ç t r a u

The infrared transmittance spectra shown in Figures 70—78 demonstrate

the s t r o n g  dependences  of t h e  a b s o r p t i o n  on con ip esi  l i o n  and t empera tu re  f o r

the  Hg
1 Cd Se a l loys .  The a b s o rp t a n c e , r , was ca l cu l a t ed  f rom the

transmittance by using Equation (42) and the values for n~ given in Section

7.4. The absorptance was calculated at wavenunber increments of 2 cm~~ for

each of the trunsmittance spectra to obtain ahsorptance spectra .

The ahsorptance spectra were analyzed to obtain the energy gap ,

and Fermi energy , E
~
, as function s of x and temperature for the Hg1 ~

Cd Se

alloys. The analyses were performed by fitting a theoretical expression

for the absoiptance to the experimental spectra . The theory is presented

in Section 7.7 . The energy gap, l~ ,, the interband momentum—matrix —

element , P, the conduction—b an d t o  l ight—hole—hand lifetime , ~ R h ’  and

t h e  conduct ion—han d t o  h e i v v — h e  It— hand lifetime , i ,, , were t rea’ &d asc , 11

~ I
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parameters and adjusted to give the best fit of the theoretical absorptance

to the experimental spectra. For high photon energies, P dominates the

magnitude of the absorptance , and its value may thus be obtained by fitting

the data for short wavelengths . For all samples and temperatures , a value

f or P of 8.0 x 10 8 
eV cm~~ gives a good fit to the data. At lower

energies , E
~~
, T and T hh were adjusted to give the best fits. For

temperatures lower than 80K , E
~ 

is the dominant parameter , and small
changes in the value of E

~ 
cause large shifts of the theoretical absorp-

tion edge.

Representativ€ examples of the data fitting are shown in Figures 79—81

f or HgCdSe 16LG. The fit at 30 K (Figure 79) was obtained with E
~ 

= 0.200

eV and E
F 

= 0.0207 eV. The value obtained for E
G 

is signif icantly below
the energy at which the absorptance is appreciable. This is because the

sample is degenerate at 30 K, and the Fermi energy lies in the conduction

bant1. The sum of E
G 

and EF is the minimum energy for which optical
tr..n,itions are possible.

410 I I I I I I I I

HgCdSe1GLG
x 0.25 3 —
n 3 . O G x l O t6 cm 3 .~~~~~~~~
T 30 K ,.

-
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/
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0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27 0.28 0.29
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Figure 79 Theoretical and experimental absorption coefficient spectra at 30 K for
Hg0 747Cd0 253Se (1 61G)
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Figure 80 Theoretical and experimental absorption coefficient spectra at 125 K for
Hg0 747Cd0 253Se (1 6LG)
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Figure 81 Theoretical and exp erimental absorption coefficient spectra at 200 K fo r
Hg0 747Cd0 253 Se (16LG )
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At 125 K (Figure 80), a good fit to the data for 16LG is obtained with

= 0.250 eV. At this higher temperature , EF 
has decreased to 0.011 eV

above the conduction band , but the electron concentration is smeared over

an appreciable energy range about E
F
. This range is approximately equal

to 4kT, and thus if there are vacant states 2kT (0.021 eV) below EF,

electrons can be optically excited into these states from the valence band .

The change in the shape of the absorption edge as the sample temperature

increases from 30 to 125 K is greater than can be accounted for by con-

sidering only the effect of the increased thermal distribution of electrons

in the conduction band. To obtain the fit for 16LC shown in Figure 80,

the value used for ~t and i is 7.6 x 10 
13
s, which is smaller by a

c,Qh c ,hh
factor of 10 than the value used at 30 K. The effect of decreasing

and 
~~,hh is to broaden the line width of each optical transition across

the energy .gap and thus to reduce the slope of the absorption edge by

allowing optical transitions to occur at photon energies less than E
G
.

These effects are even more apparent in 16LG at 200 K (Figure 81) where

values of E
~ 

= 0.290 eV and Tc ,hh 
= Tc 9 ~h 

= 2.1 x 10 
13s are required to

fit the data. The decrease in the values of T and T with increasing
c,hh

temperature is attributed to an increase in the electron—phonon interaction .

7.6  ~~ pendence of the  ner~~~ G~p on Composit ion and ~~~~~~~~~~~~
The values of E

~ 
obtained b y f i t t i n g  the absorptance spectra of

HgCdSe 1ÔEC8 , 16EB 12 , 16EA6 , 16LC , and 24AC13 are p lo t t ed  as funct ions  of

temperature  in Fi gures 82—86.

For 16EB 12 , for which x = 0.194, Figure 83 shows that E
~ 

increases

by about 300 ’ from 5 to 300 K and that it has a linear dependence on

temperature . The sum of E
~ 

and the Fermi energy , EF, is also shown for this

samp le. At ~5 K , the conduction—band electron—concentration increases

the effectiv e energy for optical transitions above E
~ 

by more than 50%. The

effect of the Noss—Burstein shift on the effective energy gap i~ significant

up to 120 K , hut then decreases rap idly at higher temperatures because

of the increased therma l distribution of conduction electrons. Similar

r e s u l t s  are o b t a i n e d  for the  o the r  samples , but  as E
~ increases w i t h  x ,

i t s  t e m p e r a t u r e  dependence decreases .
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P

r ‘- . 
~~‘~~

- .* ‘
~~~~~~1~ 

- - . -:
— — ~~ .— ..

t
-~~~ -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,-—~~ , - =~~~— - -



~ .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .. — - .

0.30

HqCrJ Se 16EB12

16 —3
n 4 ,2 9 x 1 0  cm ~4.2KI

0.25 —

/7
//

//
//

U-
W 0.20 - —

>
0’

EG 9 E F

/
/

/
~~~0.15-/

‘
/

0.10 — —

005 I I
0 50 100 150 200 250 300

Temperature (K)

Figure 83 Temp erature dependence of optical energy gap and Fermi energy for
Hg0 906Cd01g4 Se (16E812)
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Figure 84 Temp erature dependence of optical energy gap and Ferm~ energy for
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Tlit.’ dependence of E~. on com p o s i t i o n  Is shown in Fi gure  87 for  temp-

e r a t u r e s  ol 5, 80 , 200, and 300 K. Also shown in this figure are the

values oh ta  m e d  f o r  H gSe I ro n e l e c t r i c a l  measurements 9 . For 0 < x 0. 3 ,

tht  fu n c t i o n a l  dep en dences  of in e l e c t r o n vo lt s  on x are : E~ 
= — 0.220

+ l . bO x  at  5 K , E
~ 

= — l ) . 1 9 5  ÷ 1.70x at 80 K, E(. = —0.128 + 1.66x at 200 K ,

and E
c 

= — 0.061 + l . 5 7 x  at 300 K.

0.5 
~~~~~

—

~~

-——-—

~~

—-

~~~

‘
9

/
/

0.4 — 7
• 300 K / ~~~~
0 700 K /
A 80K / //~o 5 K  / /7

/ / /  .40.3 - / /J{ ~~~~
/ ‘9, 0

/ ‘  .91
/ y

/ A 7’
j 7/ 7

0.2 -  / 7’ -

7” 7’/ 0 Z ’  V
/ 7/

o /
/

/
/ 

~~~~J’ -

~~ //
‘9C

LU /

-

-0.2 .-/ -

03 1 I
0 0.1 0.2 0.3

Mole fraction of CdSe , x

Figure 87 Energy gap as a function of x in Hgi~~Cd~Se alloys; dotted lines are linear
interpolat ions at 77 and 300 K shown in Figure 4. Data for HgSe (x = 0)
are from Reference 9.
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7.7 calcula tion ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ D.lLect l n .terj ’ ran d . T r a n s i ti o n s

Because of th e  prese n c e of e x t r i n s i c  and therma l lv— exc ited electrons

in the conduction band of the samples , accurate values ol t he  f u n d a m e n t a l

band—gap—energ y cannot he obtained directl y from the experime ntal data .

To obtain this q u an t  i t y .  a t h e o r e t i c a l  t r e a t m e n t  of t i r e  . ih ~~i r p t  ion

c o e f f i c i e n t  is r e q u i r e d  tha t  a c c u r a t e l y t akes into acce nt t i e  t e m p e r a t ur e

dependence of the  e l e c t r o n  popu la t i on , the n o n — p a r a b o l i c i t y  of t i re  hand
structure for tile small—gap compositions , and the energy dependence of the

opt ica l  t r a n s i t i o n  pr o b a b i l i t y .  The f u n d a m e n t a l  q u a n t i t y , f rom w h i ch  a l l

o t h e r  op t i c a l  p rope r t i e s  can be ca l cu l a t e d , is ti le comp lex d i e l e  t r i c

f u n c t i o n . This is calculated in the random—phase approximation and is

exp ressed in terms of  the  f u n d a m e n t a l  m a t e r i a l  pa rame te r s  ( f u n d a m e n t a l
en e r g y — g a p .  conduc t i o n — h a n d / v a  l ence—ba n d  momen tum—ma t r i  x — e l e m e n t , and

sp in—orbi t splitting). By I it t i n g  t h e  -alcr ilat ed absorption coeffici ent

to the e x p e r i m e n t a l  d a t a , n u m e r i c a l  va lue s  can he o b t a i ne d  f o r  these

m a t e r i a l  para m e t e r s .

The theory presented here utilizes a formalism developed by Br oer man
31

for the diel ec tric t unction of FigSe . For f r e q u e n c i e s  l a rger  than  t h a t

corre spond ing Li’ the fundamental ener gv— g ip, the complex  d i e l e ct r i c

f u n c t i o n . e , can he expressed  is t h e  sum of a l a t t i c e  p ar t , an i n t e rh an d

electronic p i t t  • and in i nt r,rhand e icc t ran Ic p ar t

() = 4 ( )
lat 

+ i (  )
int er 

+ ~ ( ) i n t r a  ( 4 7 )

The in terhand electronic contribution is p v~ n by the r i l a t  t o n

- 2
in t e r  — u r n  e

~~~~ . ‘( 1 2 ‘2
(I

(4 8 )

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ [f ~~~+4~~) f(E ~~~~~
)].

i~~~ j

whe r e 1 . .  are  l i f e t i m e s  ;rs ~ o c i a t e d  with i .
~ 

excita tions , F - i s  t h e

ene r gy the 1~~h hand a t  cr ’ .’ st ; i i  m o m e n t u m  k f ( E ~~~1~ i s  t i r e  F e r m i  d i s t r i h r r —
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t io n f u n c t i o n , w is tire angular  f r e q u e n c y ,  and ‘4 is the momentum transfer.

This  c o n t r i b u t i on can be further divided into three parts: a light—hole!

co nduc t ion—band  e x c i t a t i o n , a heavy—hole / co nduct ion—band exci ta t ion , and a

background from all other hi gher—energy excitations , Cb
:

.()inter ~(())
th_c 

+ L (~)
u1h c 

+ 
~~ 

(49)
Because of the large energy differences between the states contributing to

the ba ck ground , 1
b 

is real and has no frequency dependence in the infrared .

The calculation proceeds within the Kane three—band model
25

, which con—

siders the I Z 1~ interactions between the F6 conduction band , tire F8 
light—

hole—band , and the F
7 split—off valence band . The heavy—hole band is

conside red to be parabol ic  wi th  mass 
~l h ’  i .e . ,

Ti2k2 , (50)
k , hh 21’i hh

m
O

where m is the free electron mass. Within this model , the energ ies of the

cond uction , l ight—hole , and split—off hands are given by the solutions of

the secular  eq ua t ion

E ( E _ E
c

) (E + A) -k
2
P
2 (E + 2A / 3 )  = 0 , (51)

where P is t he  momentum matrix—element , A 1S tile valence—band sp in—o rb i t

split ting, E~ is the f undamen tal gap, and the free—elec tron energy (~
2
k
2
/2m)

is taken to be neg l i gible. The li gh t—hole/conduction—band and heavy—hole/

conduc t ion—band matrix—elements are then calculated to second order in q

to be:

~1 ~ h—c
2 2 L 

2 - 2.
~ — iq~ r c , ~~~~~~~~~~~~~~ 

k 
q cos — 

k
2 

q sin Ii (52)

and

~~~~~~ hh , ~~~~~~ = ~~c 
+ /2c~~~~~ 

k
2

In  Equations (52) and (53), 0 is the angle between k and ~~, and the func tions

appearing in the expressions are defined as follows :
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= 2a 2 
(a A + 2kA

2 \ + 2b 2 (b B + 2kB
2

2 ~~~ c 2c i.e/ 9.h~ c 2c lc

+ 2c
~ h (cc2 

+ 2kC~~~~ + 2aZh~ a~~ b 1
B2 + c 

1
c
2~~ 

+ 4A 2 ( b  1 b + c

/ r 1 (~~4 )
+ 4kA (b b + c ~~~C ) l + 2 b c I b C  + c B  + 4kB C

lc\ £h ic ~h ic ~. h £h c 2c c 2c ic lc

= 

~~[2(a~ h a
)(b~ hb + c

~ hc )  + ~~(b~ hb ) 2  + ~~~(b ih b ) (b i c 
~

+ 4(b gh c )(c 1~ ) — (b~ h C + c çj b )2 + 2(c~ h c )2] , (55)

ac 
= f~~

_
Ec+1_ si  3

,]
l/2  

, ( 56)

b = ~~~~~~~~~~~~~~~~~~~~~~~ ‘

= ~~~~~~~~~~~ (58)

N = 

[E~~(E~ +tl) (E~ ÷2~~/ 3) + ~~ (E~ _ F
1;) 

+ (E c
_ E

(;) (
E c+ 2 A ./ 3)~ ]h /2  (5 9)

A 1 , B , C = k , d~ , 
~a , b , c (60)..c lc ic d ( k 2 ) C C

~A2 , B2 , C2~~ = 2k
3 

~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ (h l )

a = 

f-E~h(E -)~E~h / 3~1 (hi )

~ Ii

(
b 

_ v /~A~~~ C E thJ ‘ (hi)3 N 11

1 ( 1

- / — --—-. . 9 ‘,
~~~~~~

4_c _.-., __ ._ _ . . . 
— e. _. .



- . -- ‘ ‘ ‘ ‘

/
— 

I,~
LG L L )  1

\
l: +2 ./I

— . , (64)
~Ir N .

and

N i 
= 

[ 
— E 11(E i~

+ ’)(’:,, ~+2.73) 
÷ 

2 

~~g E~ 11) + (~( L.I1XE 

~~~~~~~~~~~~
P I ; ire I im it as q - 0 and p er  frr rm I up the angular in tegra t ions , one then

oh t~r i n s

l i - k  
= 

2 

f d k  [f ~~~ 
ij- (Ek ,L.)j Ek 

~~~~~ _ 2L U i_ c ]

- I :  ~~ ~~~~~~~~~~~~~~~~~ 

. — + I. 
- ‘

~~~~~~~ft i t
. ’ -  (66)

P .1 ’ K ,’.i l 1 . i r  P ,1’ k. ..li

and

hh—c ~
,

( . . 
. 

=

~ u ( E )  [
~ ~~~~~~~~~~~~~~~ ~~-

‘i~
-: + ‘ +~~~~j F / T  

- (67)
hr  r ’ l i i i  l i h ~

~‘l r e  r e

C ( i  
[2E ~+ (~~

_ f . () t . H+ I / I  ~~~~ )k_ .~ I~(;/ I ~ l.~_E(;~~
/2!;+,) 3/2 

‘ (68)
E / ( i :+ 2 , ’, / 3 )  ~~ N

c
(E )

(E+ A )
E = . ‘ (69)

liii 
~~‘ hh ’~

1o i’~ (F+2i
-./ I)

and k h( . and E B(. a r t -  the c r v s t a  I m o m e n t u m  and conduCt  i o n— h a n d  energy at  t h e

edge o t t i r e  Br i l l  oil in  Zr ’n e s  - 1’hC express  ions  A - , B . and C - ( EquaL i orw
ii ii i t

(hH ) and (i,I ) ] t ill he o h t , r  m e d  by r i s i n g  t i r e  s&-t ’ular e q r r . r t  i on  t t r  exp ress

i n t e r m s  i t  and then  d i f f e r e n t  l i t  i n g .
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The i n t r a b a n d  p ar t ,

u lt r a  .
= — lir:i 

~-P Tt ’ p

~ ~~~~~~ -i q-r ~~~~~~~~~2 

[~ ~~ ~ (.
~ 
i)].

c , ‘ h , hir

is s imi I arl v t i  I cii l a t e d  - Ont’ oh ’ a ins the f i t  1 low i ii.~ results:

E ’ ( ~ = 

(.~J.J i i ’

F ( t ’ _ 
)U ;+ ’) ]  

1/2 ( 1  f . ~ 
1/2 

(F—F ,)/k T
x f  dE 

21’; 
I~ (

~ 
L ) L ÷~~~(. 1. ;)L~~ 

. .
2 i.

. J  [
~:(

‘1~
:.. I ;)

’
/~~R ÷I ] 1  

, ( 7 1 )

Ui I
~ ( w )=—  í’( 

~~~~ 
~~ I

( h /

_ E
B E (E+E )

(E_ A ) ]3/ 2  ( F — 2 A / 3 ~~~ ( 1 + 1 1 . 1/ k  T
x dE 

2E 3
_ (~

’ _F}~~÷~.. 
(~

‘iij .~
± 2’k

~;1 [ ~~ ~~~~~~ i~~~ 

( 7 2 )

and
4~ N e1111

- 
~ 

= 

h
i~~

’

r~~ (t~~ 
1/  

1111) 

‘ 
( I)

~‘1. ’r is t i r e  F e r m i e n e r gy .  N 1 1  is t in ’ r i&i ~ s i t v  a t  I r e , r v v  b o l t ’s , T is t i i ~

L u r e , k8 is the Bol t zmann r ’ o n S t  a n t  , a n d  1’1~ is t he t i i i  gv ‘ I  t i re

i i  ‘ i i i  — h a i r ’  b a i r d  at  t i r e  ed ge of  t he  Rn I l e n i n  ‘ i i ’ .
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To evaluate these expressions for tire electronic part of the dielectric

function , one must have values for t h e Fermi energy, E F . These are found

by sel v in g  n u m e r i c a l ly  the c h a r g e  n e u t r a l i t y  c on d i t  ion ,

N e — N , 1 — N . 1  = N D , (74 )

w h e re  N , N , N , and N are respec tively the densities of electrons ,e ‘ I i  hh D
1 i gir t h o l e s ,  heavy  holes , and dono rs. T h e  fo l  lowing expressions for the

c h a r g e — c a r r i e r t i e n i s i l i e s  are  ob ta ined  f rom the secu la r  e q u a t i o n s :

N =

~

f (E , N )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘ (I (11+2 / i)

N
1

f

L
B~h 

(F, -Z)~- 
(3.~. -E~~)1.;~+4 ,/ 3( ,~~E(;)E+2,~.

2l:
(;/ 3i1~~ 1’1 

~~~~~ (7 6)
0 ( 11-2 /

and

Nhh 
= 

~~ 2 (2 
k~ T ) 3 / 2  F117 ( -Z ) ,  ( 7 7 )

w ire  no

f (E ,Z ) = ~~~~~~~~~~~ 
-—-- ‘ (78)

e~~
’ B + 1

Z E
F/k BT , (79)

m d  F 112 ( Z )  is  t h e  Ferm i function of order 1/2.

f l i t ’  I a t t  1c m ’ modes in tire ps emi doh ina ry  HgTe—CdTe and l’lgSe—CdSe a l l o y s
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conventiona l l v  s p i l t  into two modes s l i g h tl y sir I f t e d  f r o m  those of Li re

end po in t  compounds.  the l a t t i c e  c o n t r i b u t i o n  to the  dielectric f u n c t i o n

is t r ea t ed  c l a s s i c a l l y:

~~~~ (80)

wh ere  fla t  
= (81)

is the oscillator strength of the i~~ ’ mode , u ’ . is the transverse opt ica.l

f r e q u e n cy  of the  i’~-~ mode , and 1 . is t h e d a m p i n g  t i m e .

In order  to calculate t h e  obsi ’rvab] e opt ica l p r ope r t I es, t i r e  t o t a l

d i e l e c t r i c  function is divided into its rea l and imag inary parts ,

C = C
1 

+ e2 ,  (82)

and f r o m  these q u a n t i t i es  t h e  r e a l  and imag inary parts of the index of

r e f r a c t i o n , n* and k* , r e s p e c t i v e ly ,  a re ‘ : a l c u l at e d :

2 1/ 2 1 1/ 2
= L . 1 .: ‘  

~:
2 

~~~~~~~~~~~~~~~~~~~ (83)

and
C i

= ~~- . (84 )
2n *

Th€ ’ ,ihsorptance , .t , and tire sing l e — s u r f a c e  re f  I 1-c t ance , R , are  thei r g i v e n

by

= 4nk*/~ (~~~r )

and

R = 
(n~ .~~ l ) ~ ~~ . ~~~~~~~~~~

10 * + ir + (k*y

F o r  Liii’ win rk descr ihed i n  t h I s reprir t - 
-

‘ ~‘ .‘r s given t lie  va 1 ue I) . ~

and ~ w;r s g i v e n  Liii’ value P. ~r1) . ‘liii’ val ue for A is that found by S~’ l i t
hh 28(;alazka , and Ri-c k& ’ r  t it  f i t ost ’ i l l  ‘It r r r v  m a g n i - t r i  r t ’~i I st ,rnl ’t ’ ii , t i  for ii p St’

1 1)7
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NI) da ta  ex i s t  for determining the value of 
~hh in the Hg1 C d S e alloys ,

and the  value used here is an approximat ion  based on the band parameters
of other semiconductors; none of the calculations for n—type Hg

1 
Cd Se

depend upon precise values for Fl hIl~ 
In nearly all cases , the data could

be fit b~’ using a value for P of 8.0 x 10 
8 eV~ cm , which is within 10% of

values found for other semiconductors that have the zincblende crystal

structure. For low values of E
~
. the theoretical expression for i is

sensitive to changes in the value for P; for this reason the E
G values

determined from the absorptance 5pectra to be less than about 0.10 eV

can be in error by as much as 20% but probably by less than 10%. For

Hg
1 Cd Se alloys that have E

G ~ 0.1 eV , a more comprehensive theoretical

treatment is needed that includes the effects of higher conduction bands

and of alloy disorder.
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8. INFRARED PHOTOCON:MJC’I I VI  fl

S. 1 Samp le Pr~~ aration for Photoconductivity Mea su r em en ts

Photoconductivity samples were ground , polished , and etched as described

in Sect ion  7 .2 , except t h a t  after the first surface had been prepared , the

sample was immediately epoxy—bonded to a sapphire substrate with Eccobond 24

adhesive. This epoxy is used because it has a low viscosity and can be

cu red at room tempera ture  to give a t h i n  g l u e — l i n e  (~~‘3 ~m ) .  It  is also

f lex ib le  enough to be used at low temperatures and for joining materials

w i t h  d i f f e r e n t  c o e f f i c i e n t s  ol thermal expansion .

After the second surface was m e ch a n i c a l ly  pol i shed , the samp les were

shaped into six—contact , photo—Hall—bar elements by masking them and

removing the eXCeSS material with an Airbrasive unit. The samples were then

etched as described p r e v i ously , and contacts s-crc made to the sample.

In i t i a l ly , c o n t a c t s  were made with silver paint , b it t for the more recent

studies , indium evaporated onto a freshly—etched surface at room temperature

was used.  The e v a p o r a t e d  i n d i u m — f il m s , a p p r o x i m a t e l y 200 nm t h i c k , are

delineated by a nickel mask placed over the sampl .e du r i n g  evapora t ion .

Leads were t hen  a t ta c h e d  to  the indium pads with a cond nrc ti vc’ epoxy , which

can be used down to l i q u i d — h e l i u m  t e m p e r a t u r e s .  The current—voltage

c h a r a c t e r i s t i c s  of the samples were measured for both directions of current

to confirm that ohnric contacts had been m a d e .  A t~ p i c a l  s ,’ni’ ~~l t - 1 - c t  ore t h e

indium evaporation stage is sh own i n  Figure SM .

14
F— H
0 0.5

mm

Figure 88 Six-contact photo -Hall bar element before evaporation of indium conta cts
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8.2  P h o t o c o n d u c t i vi t y _Sp e c t ra l-R e~,p ease M e a s u r e m e n t s

The p h o t o c o n d u c t i v e  spec t ra l  responses were measured  w i t h  t ire a p p a r a t u s

shown in Figure 89. The source , grating , and filter combinations were chosen

for the wavelength region of interest and can cover the spectral range from

1.0 to 25 ,m . The reference detector is a calibrated tri glycine—sulfate

(TGS) detector , and its response is independent of wavelength. The entire

spectrometer is flushed with dry nitrogen to avoid atmospheric absorption by

CO ,, and water vapor. The elements were mounted on a cold f i n g e r  of the

liquid—helium dewar , and their  tempera tu res were measured with a calibrated ,

silicon—diode sensor. Tire dewar is fj t  t e d  w i t i r  e i t h e r  a cesium iodide or

K R S — 5  w i n d o w:  t i r e  t r a n sm i s s i o n  of both  of these m a t e r i a l s  is independent  of

w a v e l e n g t h  between 1—25 Cm .

Source Optics

Monoc hromator Sirts —~~~~~~~~~ 

~~~~~~~er GIob ~r

F il t pr

r’12-pu rge 
Gr ating

\ Photoconductor,-.- -‘ —

Experimental Chamber

Figure 89 Experimental apparatus for photoconductive spectral and time response
measurements

A four—probe potentiometric technique was used to measure the photocon—

d u c t i v e  s i g n a l s .  The b ias  vo l tage , normal ly 0 .5  V , was app l ied  across the

end leads , and the signal was taken from the two inner terminals on each

photo—Hall—bar specimen. The signal was amplified by a conventional ,

phase—sensi tive amplifier for which the reference signal was generated by
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the  104 Hz l i g h t — c h o p p e r .  Tire o u t p u t  01 the amp lit i~-r was displayed on an

x—v recorder , whose x—a xi s was driven In synchronism with the w a v i ’ l e n g t l r

drive of the spectrometer.

In calculating responsivltv values ~o r t i r ~-se elements , t i l l  account

was taken of the area differences between the photo eondu cti’-’e element and

the TCS detector and of the transmission loss of t in €- dewar window .

Photoconduct ivity spet-t r w e r e  obtained f o r  Hg
1 

Cd Se specimens

24AA 1PCI , 24AB I 6PC I , and 24ABl.~i’~’2 , which had x— v ;rlties ol 0.35, 0.33 , and

0.25, respectively. The normali7l-d phntoconduct lve—respons e curves at ~~~
77 and 300 N ire shown In Figun ’ ‘ ‘ -~ — 92 , and I s -  ~i- , ISrI red  r i ’sponsiv  i n  ‘- ‘

o t h e r  e x p e r i m e n t a l  p a r a m e t e r s  ire l i s t  c~ l in Table 14. The I lt- ~~t r n  concen—

1. 0 -  1 
~~~~~24AA 1PC 1

09 — — 0.352

0.8 —

0.7 -

II)

~ 0,6 — —~~

~ 0.5 — 300 ~ . 7 ’  5 K

E

\
\\

0,2 —

0,1 —

0
1.0 1.5 2,0 2,5 3,0 3.5 4.0

‘, ‘,iv ’ lenq th (p m)
Figure 90, Photoconductive sp ectral response curves for element 24AA 1PC1 at 300.

77 , and 5 K
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-- -------------- -----------—--~~~~~~~~~~~~~~ ———---——--—— - — -r -
~~~~~~

tration and mobilit y as functions of temperature are plotted in Figures 62,

~4 , and 50 for samples 24AAIPCI , 24AB I 6PC 1, and 24AB 14PC2 , respectively.

The ph otoc-ondul- tivitv spectra for each sample were recorded immediately

a l t e r  tire samp le was polished and etched . The spectra exhibit the expected

gradua l increase of ph o t o c o n d u ct i ve response as t he wavelen gt h i I r c 1 t ’ i ~~ea n u t  ii

t u e  w a v e l en g t h  corresponding to the absorption edge ~s reached. The photo—

conductive response falls abruptly at the absorption—edge wavelength and is

z er o  at long wavelengths . The magnitude of the peak photoconductive—response

incr€-a ses as the samp le temperature decreases from 300 to 4.2 K.

1,0 1
24A B 1 6PC1

0 9  — x 0.3275

0,8 —

—

a

—

0

300 K 7 7 K  5 K
o O,5 —
00
C

-

E 0 3
C

0,2 — —

0_ i —

0 I
1 .0 1 , 5 2.0 2 ,5 3,0 3,5 4,0

Wavelength (pm)

Figure 91 Photo conduc t ive sp ectral response curves for element 24A816PC1 at
300 , 77, and 5 1<
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1,0 ~~~~~~~~~~~~ I
24AB 14PC2 /

0.9 — x 0,25l -
~~

H

~~ 0,7 — —.

0,6 — —
~C

‘C

I 
5

b
Q 

7 7 K  5 K

Wavelength (pm)

Figure 92 Photocondu ct ive spectral response curves for element 24AB 14PC2 at
300 . 77 . and 5 1<

TABLE 14 PHOTOCONDIJCTIVE RESPONSE OF Hg l x Cd x Se PHOTO-HALL-BAR
ELEMENTS WITH 0.5 V BIAS

Samp le Wavelength Photo’ Excess
Samp le no , and thickne ss Mole fraction Resistance of peak co nd uctive carrier

temperature of CdSe . x response respon si vit y lifetime
(mm l (I’ll lpml (V/W ) (us)

24AA1PC1 0005 0.352
300 1< 1000 2.35 5.6 0,22
77 K 260 2.65 16.9 0.40

5 1 <  230 308  144 3.0

24A816PC1 0,0075 0.328
300 K 875 258 17.6 0.58

77 1< 217  3 15 23.3 0 5 4
5 K  159 3.63 270 5.0

74AB 14PC2 0 020 0.251
300 K 4 4 0  3 .51 0.25 0 1 2

77 K 6.0 4 .95 0.28 0.073
51< 3. 4 565 04 8 ~ 0 1 4

‘ Evr rapoLnr i ~d varu e from measure ment w,rt , 0 .125 V bras
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The photoconductive respormsivity increases with the sample bias—voltage ,

and the measured dependences on bias voltage of the responses at 5 and 77 K

t a r  2 ’n ,\ , \ IPC I and 24A 614PC2 are shown in Figures 93 and 94, respectively .

To avoid possibl y overheating the samples and electrical contacts , only

small h : as— va it ~m t~es were used.

100 I 1000

77 K
90 - 2 4 A A1P C1  X 2 . 7pm — 900

0.352
0

8 0 -  — 800

0
— 

7 0 -  — 700
>
3

~ 6 0 —  — 600

5,
>

5 0 —  0 — 500 ~~

— CC 00
0 0

2 4 0 — 5 K  
— 400

X = 3 . O pm

30— — 300

2 0 —  — 200

1 0 —  — 100

0 I 1 I 0

0 1.0 2.0 3.0 4.0

Bias voltage (V )

Figure 93 Dependence of photocondu ct ive signal on bias voltage for element
24AA 1PC1
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0,4 ‘ T~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ‘ -‘

24AB 14PC2
x 0.251

0.3 — —

>
C-

‘-3

z O,2 — —
0

0.1 - 

03 Q
I
4

B s vollagi )V (

Figure 94 Dependence of photoconductive signal on bias voltage for element
24AB 14PC2

l)u r ln g  p r e l i m i n a r y  p h o t o t -cr n~1 r n c t  i v e  measurements on some Hg 1 
Cd Se sam-

ples , t heir p rr rpe r t i , -s w e l t ’ obse rved  t o  he s e n s i t i v e  to s u r f a c e  e f f e ~~t s ,

part i ’rn I a n  l v  it t r e v  n . m J  been exposed to moi stnire . For examp le , an icc i d en t a l

exposure to moisture at sample 24AA1PCI decreased both its resistance and

photoconduct l v i - —  rn -s riirnst- by an order of m a g ni  ttide . When this sample was

re—etched , Its ori ginal characteristi cs were restored . B e c a r r s e  onl y a few

micromet ers of materi al were removed by r e — e t c h i n g  t h e  e l em e n t , the observed

decreases in resistant-c and responsivi tv resnil t Ing from t h e  exposure  to

moisture were attributed to surface effet-ts. Moisture probabl y ‘arises an

increase in the  surface—carrier concentration and t h e r e b y  c n n i ~~es t h e  observed

drop In samp le resistance and acts as a shunt  t o  the  ph o t - c r m l r r r ’ t i v i t v  si~~—
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nal. A similar effect has been reported for HgCdTe
32

, for which the surface

can be passivated by app lying a film of ZnS immediately after etching the

sample. The same procedure should be effective for HgCdSe alloys. Except

for sample 24AB16PC1, the photoconductivity data presented here are believed

to have not been influenced significantl y by surface effects because the

surfaces of these elements were protected from moisture during the photo—

conductive and electrical characterizations.

8.3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The exp r ession for  the pho toconduc t ive  r espons iv i ty,~~ ’, is

‘~(~~) ~
. (, i + ~ T ) V

~ )( \ \ = ___.—~~
_ ~~~~~~~ — _ P~~~P_ __ 

‘ 8 7- hc L ’t  (u + p p ) ‘

n p

where rl (’r ) is the wavelength—dependent quantum—efficiency for the excitation

of electron—hole pairs , p and , are the  electron and hole mobilities , n and
n p

p are the electron and hole concentrations , and ‘t are the electron and
n p

hole lifetimes , and V is the sample bias—voltage . In this expression , h is

Planck’s constant , c is the speed of light , and . , w , and t are the length ,

widt ir , and thickness of the samp le , respectively. For degenerate n—type

m a t e r i a l  n ‘- ‘- p, .. ~
- -- , and i r . Therefore ,n p n p

~ i V
- ~ - )  - 

he 
‘ (88)

The quan t um effeclencv , ~( ) ,  cannot be determined experimentall y, and

we assume It to be unit y . Equation (88) can be used to calculate the

cr ,nd ri’t Ion—electron lifetime , t n t when R (), ‘ . V , and n are known , and the

t , m l c n n l . m t s - d  values for the  photoconduct ivity specimens 24AA1PC1 , 24AB 16PC 1,

and 24AB141’c2 are li sted in Table 14.

5 . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The phot r r t ’ a n t i r i v t  i v i t y  samp l es we re i l lumi n ated by a light pulse from a

( I t ”  l i r 1 i ’  laser , and their responses were disp layed on an oscilloscope screen.

The laser s l u I ce was mounted in the spectrometer system shown in Figure 89,

and a m o u n t e d  sample  in t h e  dewar  c o u l d  be al igned w i t h  the laser o p t i c a l

5 v — ~F t ’fl by r o t a t i n g  the  dewar .  The usua l  p r a c t i c e  was to make s p e c t r a l —

response m e a s u r e m e n t s  d u r i n g  the cooling cycle  and t ime—response measure—

m e r i t s  is t he sample was warmed f rom 4 . 2  K to 300 K. The laser emits  ligh t
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of wavelength 0.91 pm. The laser light—pulse shapes for 100 and 20 ns

pulses were measured by a Si photodlode and are shown in Figures 95a and 95h ,

respectively .

0,8 
a) ~~~~~~~~~~~~~~~~ J ’ ’ T ~

’ T ’~~T ’ T ”

A I I

0 100 200 300 400 500
Time (ns )

K 100
Time (ns )

Figure 95 Temporal output of GaAs laser diode used fo r time response measurements’
a) 100 ns pulse , b) 20 ns pulse

The rise and decay of the photoconductive responses at different tempera-

tures of samples 24A816PC 1 and 24AB14PC2 are shown in Figures 96—9 8 . For

24AB16PC1, analyses of the photoconductivity decay curves in Figures 96a and

96b give a carrier lifetime of 360 ns at 287 K and a slightly lower value of

290 ns at 78 K. T h i s  decrease of lifetime with temperature Is in accord w i t h

i 17
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tire lifetimes calculated I rem t ime resprrnu ’ni vtt it ’s and listed in Table 14, but

the decay—curve lit t I  ir s-s are only hi) ” of the calculated values. The

discrepancies  be tween  t i r e  ni t - , r s i r r e i and c a l c u l a t e d  l i f e t i m e s  can be a t t r ibu ted

partly to errors in ti t ’ meas rrt , -~:rr ’r t t at /a~ and n .  Furthermore , because the

absorption coefficient dr ’:rt ’ .rses rap idl y with waveleng th , the 0.91 pm laser

radiation is absorbed In n,r rrt wt~r su~~t , i ’e l aye r  than  the  longer wavelength

radiation , and therefore , is mart- susi,’Cpt ible to sari ace effects. In

general , the carrier convent rat ion it time surface is larger than that observed

in the bulk material , and this also will decrease the measured lifetime .

(a)

C

(b)

.4

’

Figure 96 Decay of photoconducti ve response to GaAs diode laser pulse for element
24AB16PC1 at temp eratures of: (a) 287 K and (b) 78 K
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(a)

1W

—

-

Figure 97 Effect of mi no r it y carr ipr trapp ing on phot oc onduct iv e decay for element
24AB16PC1 at temperatures of: (a) 35 K and (b ) 14 K
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(a)

(b)

A

-.‘

Figure 98 Decay of photoconductive respon se to GaAs diode laser pulse for element
24AB 14PC2 at temperatures of: (a) 280 K and (bi 80 K

The l ifetime in samp le 24ABI6PC1 did not change between 77 and 35 K, but

at temperatures lowe r than 35 K , a long tail is observed in the decay curves.

The tail is evident in Figures 97a and 97h , for ~.‘~“f rh the time scale is ten

times that in Figures 96a and 96h. The tall lengthens as the temperature is

decreased from 35 to 14 K , but it is independent of temperature between 14

and 5 K. The lifetime at 5 K is 5 :5 , w h i c h  is In agreement with the value

calculated from the responsivitv.
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The l o w — t e m p e r a t u r e  t a i 1~ w h i c h  was observed  i n  sample 24AA1PC 1 as well

as24AB 16PC 1, is a t t r i b u t e d  to t r a p p ing  of t h e  minority carriers (holes) by

shallow impurity or defect states. If the tint- that !he hole is trapped

exceeds the normal minority—carrier— lifet tine, the nrmmher of holes available

f o r  e l e c t r o n — h o l e  p a i r  recomb m a t  ion is r e d uc e d .  T i r e  n u m b e r  of e l e c t  rons

in the  conduc t  ion hand a f t t ’ c t e d  I’rv  t h i s  p r o c e s s  e q r i a l s  t i r e  n u m b e r  of

t r apped  holes  and w i l l  dec rease  is L i r e  t r ip p e d  h o l e s  a r c  s l o w l y  r e lea s e d .

The excess e l e c t r o n  p o p u l a t i o n  caused  by t i r e  m i n o r i t y — c a r r i e r  t r a p p i n g

gives r i s e  to an i n c r ea sed  p h o t o c u r r e n t  , or r e s p r u n s i v i t y ,  as was observed .

The max imum number  of  ho les  t h a t  can be t r i p p e d  depends on the  number  of

t r a p p ing c e n t e r s  and t h e  e n e r gy  s e p a r a t i o n , ET , between the  t r a p  l e v e l s

and the top of the- valence band . The magnitude of E.~ determines the

temperature at which trapp ing b ecomes c i  ft -ct IVI’ and is of tire order 01 1

meV in samp It’ 24AB16PC 1. A large r val n t ’  I or l’~ , wil l inc rt’ast- t he tempera-

ture at w h i ” i r  t r a p p i n g  si g n i  f i c a n t  l v  e n h a nc e s  tire performance of i

d e t e c t o r.

The l i f e t  imes  deduced f r o m  t h e  d e t ’,m v curvt- s for samp le 24AB14PC2 are

very short , being 85 ns at 2S0 K ( F i g u r e  9 7 a )  and 40 ns at  77 K (Figure 97b).

The l i f e t  hires obt m i n e d  f r o m  t ir e  decay  c u r v e s  h ave the  same temperature

depe ndences b u t  are smaller t h a n  t hose c a l c u l a t e d  f rom the  r e sp o n s i v i t y

(Table  1 4 ) .  t i m e — r e s p o n s e  d a t a  w e r e  not t a k en  at  l i q u i d — h e l i u m  t e m p e r a t u r e s

because t h e  low samp le— r i - s  i s t a n c e  caused r i n g i n g  in t h e  dot  oct  i on circuit.

At t e m p e r a t u r e s  above 77 K . t i r e  nrzr~ o r i t  v — c a r r i e r — l i  f et  ime - rn be

l i m i t e d  by r a d i a t  ive or An ger  r’ c- ,’ o m bj n , i t  i o n — n r e c r m n i s m s  i n v o l v i n g  b a n d — t o — b a n d

t r a n s i t i o n s. For samples  2 4 A B l h i ’ P l  ~ir rd  2 ~A BI 4 1’  , w h i c h  have hand gaps

~ 0 .3  eV above 77 K . r a d i a t i v e  r e v o m b i n a t  inn is cons ide red  to he t h e

mechanism t h a t  limits tire t’lt - ct ron h it -time in the bulk material. The

rad iat  lye 1 i f e t  m e  , r • t m t ’ l u t  ‘ i r ds ou r t i n :  t i l t  rgy  ~z l p  , t ’ 1 r r i r c l i i i ’ t n t  r i  I ion ,

and t e m p e r a t u r e .  l’he th e o r t - t ical d e p e n d e n c e  of  
~ 

on t t i t ’se ( ( r i a n t  i t  ies

has been c a l c u l a t e d  f o r  s a m p l e s  24 ,.\~\ [ P C i  and 2 4 A B 1 h P C 1  , and t i n ’ r c s r i l t s

are shown In Fi gures  99 and 100 , res~u t - c t i v e l v .  ‘fire m t - t i m e d  f o r  c a l c u l a t i n g

t i~ d e s c r i b e d  in S ect i o n  8. S .r

1 2 1
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I I I I

HgCdSe 24AB16PC1 -

x = 0,3275

—

N 0 2 x 1 0 14 cm 3 
—

14

1 000IT (K 1 )

Figure fl 9 Theoretical estimate of the dependence of the radiative lifetime on
temp erature and electron conce ntration for element 24AB16PC 1
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1000. -’T ( l(

Figure 100 Theoretical est imate of the dependence of the radiative lifetime on
temp .’rature and elec t ron con centration for element 24AB 14PC2
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Fi gure 99 sirows th at for intrinsic material (raving x = 0 . 3 2 7 5 , the

rad iative lifetime increases very rap i d l y  as the material is cooled from

300 to 200 K , and tha t at temperatures below 200 K, the extrinsic—carrier

concentration will always limit the radiative lifetime . For impurity

carrier concentrations between 2 x io14 and 2 x io~~ cm ~~, the lifetime

decreases linearly with impurit y concentration. The calculation predicts

a si g n i f i c a n t  t e m p e r a t u r e  dependence for for all values of the impurity

conce nt ra t ion ; f or examp ie , [ should decrease from 1.0 ps at 300 K to

0.1 ,.,s at 77 K in the case of samp le 24AB16PCI. The experimen tal values

ob tained for this sample are of the sante magnitude , but show only a small

t e m p e r a t u r e  dependence . This suggests that another , temperature—independent

process is c o n t r o l l i n g  t im e c a r r i e r  l i f e t i m e  in th i s  sample. A possible

mechanism is surface recombination because , for a thin sample (~10 [im) ,

the minority—carrier diffusion—len gth can be equal to or greater than the

samp le thickness.

Fi gure 100 shows the calculated dependence of T on temperature and

e lec t ron  conce m ~L r at ion  fo r  sample 24AB 14PC2 . The t heo re t i c a l  values

c’btajned for ‘r are 250 ns at 300 K and 36 ns at 77 K. These values andr
tire temperature dependence are again greater than those obtained experi-

mentally, which suggests that the lifetime for this sample is also

l imi ted by surface recomb ination.

8.5 Ca l cu l a t i on  of R a d i a t iv e —R e c o m b in a t i o n _ L i f e t i m es

The absorp t i on o f p iro tons tha t have energ ies larger than the fundamental

band—gap, E(.. produce electron—hole pairs , i.e. , excess carriers in both

the conduction arid valence bands. These exc i ted ca r r i e r s  add momen ta r i ly

to the  c o n d u c t i v i t y  of  t i m e cr y s ta l , and in pur e semicond uc tors th i s

mechanism provides an efficient means of detecting infrared radiation . The

magnitude and tire time dependence of tire photo—curren t depend directl y on the
li l t- t ime at tire esi’ess—v arriers , wlri r,’(r can recombine by the following

mechanisms :

1. Di rt -c t (band— to—hand ) recomb ination ,

2. Recombina t ion tirrough traps , and

I . Sur face recombination .
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These processes must be understood to evaluate a semiconductor as an infra-

red—detector material. Processes (2) and ( I) art- dependent on material

growth and processing procedures , and process (1) provides a f undamen t al

limit of the excess—carrier lifetime in a p ix i e , r i d  e C t  —1 rte semicenductor.

Band—to—band recombination can result from either radiative or Auger recom—

bination . Radiative decay occurs if an t- lectron— imo l&- pair recombines and -ì

photon is simultaneous ly emitted that has an energy comparable wi t i r the

energy gap of the semiconduc tor. Time Auger process involves t lrrt- e e ,irr ( i - i  -

and occurs  when two e l ec t rons  co l l i de  In s t i r - u a fashion that one c i t ’  t r n - n

drops i n t o  an e m p t y  va lence—band  s t a t e  ( h o l e )  and i mp a r t s  i t s  r e c o m h i n , m t x t : i

energy to the second electron , which  is excited to a higher empty state in

the conduction band. Both the radiative and Auger processes art- dependent

on temperature , impurit y—electron concentration , and time fundamental enr-rgv-

gap for direct tr. rr r s it ions. Generally for semiconductors that have

EG 0.25 eV , tbrt- r ,id i ,r t [y e  process limit s the excess—carrier lifetime at

temperatures be l ow 2 ( 1 1 )  . Auger recombinati on is dominant for small—gap

ma te r i a l s  an 2  ~‘n c r i . ’r  t n ’rrp r- rrtures . Only the radiative process will be

discussed i n e r t - he r ’ a nii-x ~’ i t  i s  t he  onl y p r t n c e s s  app licable to the HgCdSe

alloys with energy gaps ~ 0.25 eV , for whicim photoco nduct ivitv data are

reported here .

We den ote i i i .  I rst rot aneous elect ron ,irud no i i. cnn , cut rat ions in a semi-

conductor by N and P . r e spec t  i v e l v .  St t i r e r u r i l  r ’ q r n i  I ibrium . I ne rt- is a

steady thermal —ex cit: m t ion 01 e l e c t r o n — b o l t -  p a i r s  at a rate C tha t is

balanced  h~- a steady r e c o m b i n a t  io n  a t  a r a t  r- K . Thus , the t ie-rm al—

equilibrium electron and hole densities , which we denote by N and P
0

remain constant. As the  s e mi c o n d r m c t o r  absorbs  r a d i a t  ion , e l e c t  m m — h a l e

pa i r s  a re  exci t ed , and N and P increase  a t  t h e  same r a t e .  I i  t i r e  p h o t o —

e x c i t e d  c h a r g e — c a r r i e r s  decay on ly  b y recoinh ina t ion , as WI assume here ,

then  t h e  r a t e s  of decay of N and P are e q u a l .  Titus ,

N _ N
~~~

= P _ P
0
. (89)

We shall assume that the recombinat ion rate is prop orl iiuir , ml to both N and F ,

so that

R = ANP , (90)
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where A is a constant. At thermal equilibrium ,

R = A N P = AN ,
2

, (91)o L

where N . is the  i n t r i n s i c  c a r r i e r  c o n c e n t r a t i o n . The ra te  of decay of the

excess electrons is assumed to be proportional to the density of excess

el e c t r on s :

(N—N )1 = —~- (N—N ).

L 
~ 0 

Jre comb irmation 
‘t
r 

0 (92)

= R-R
0

The proportionality constant has been written as lIT , and T is called the

recomb ination lifetime. It is the time required for the excess electron

concentration to decay by a factor l/e. If the expressions for R and R
0

from Equations (90) and (91) are substituted into Equation (92), the result

after some transpositions is

N .
2
(N—N

0)

~1 = “—- (93)r 
R (NP—N .2)

Because the  excess—elec t ron  dens i t y  is equal to the excess ho le density , as

was pointed out in Equation (89), Equation (93) can be reduced to the

following expression :

N , 2
1 

4— 
R (N

0
+P

0
) + (N—N0)

The condition of charge neutrality requires that

N 0-P0 
= N

D
_N

A , (95)

where  N
D and NA are the concentra t ions  of ionized donors and acceptors ,

respectively. Equation (95) together with the relation , N0P = N
1
2
, can be

used to obtain Equation (94) in the following form :

2
N
i 

_ _ _ _ _  
1T = —‘- — — . (96)r R0

This expression can be simplified for two cases of practical interest. The

first case is that for which both (N—N ) and (N
D
_N

A) are much smaller than

N
1 

(near—in trinsic case); then Equation (96) reduces to
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T
n 

( 97)

The second case is tha t  fo r  wh ich both  (N—N ) and N .  are  much -i smaller  than

N D
_N

A ( ex t r ins ic  n — t y p e  case);  then  Equation (96) reduces to

N . 2

-t 
rn 

. (98)

The equilibrium radiative—recombination rate , R , can be obta ined  by

utilizing the princi ple of detailed balance , which requires that t h e

absorpt ion of photons to produce electron—hole pairs he exactly balanced

by the emission of photons when electron—hole pairs recombine. Then ,

R = C = f ~~ 
n ( .  ) Q ( v ) d : .  (99)

In th i s  expression , c is the  speed of l i g h t in vacuum , V is the photon

f r e q u e n c y ,  n * is tire s emiconduc to r  r e f r a c t i v e — index , - i  is the  absorp t ion

coe f f i c i en t fo r  b a n d — t o — b a n d  t r a n s i t i o n s , and Q is the P lanck  d i s t r i b u t i o n

func t ion ,

= ~ (n *) 
[-
~~~~~~

-
~ 

(100)

In Equa t ion (100),  Ii is  Plan ck ’s constant , k
B 

is the B oltzmann  cons t an t ,

and T is the absolute temperature . In Equations (99) and (100), the index

of refraction is generally a t unct ion of V.

To calculate L at a given temperature , N 1 must first be calculated

from Equation (/5) of Section 7.7. sub ject to the condition that (ND
_N

A) 
= 0.

Then R is calculated from Equation (99), with the functions n’~(,) and -t (. -)

as given In Section 7.7. Finally , N . and K are substituted into Equations

(97) and (98) to oh t , i in the jn tr j its j (’ and extrinsic radiation— recombination

lifetimes. The life t ( flit s can he c i i  cu 1 a t  ed w i Ui pre - is ion if t he semi con-

duc to r  e n e r g y — h a n d  N m r ; m m t - t i -r s  K , ,  P . and a rc  a c c n i r a t e l v  known .
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9. DEV ICE K i I A S I B I L 1 T Y

9.1 Detectivity

If Johnson noise , J , is assumed to he t ime  dominan t  source  of no i se ,
ii

an estimate can be made of the noist- equivalent power (NEP) and detectivity,

D*, of a photoconductive element. The noise equivalent power is given by

the relation

J ~4kT R
NEP = -

~~ = ~
‘
, (101)

‘li

and the derectivity can be calculated from tire relation

= = -
~~~~~~~ (102)NEP NEP ’

where A is the surface area of the specimen , R5 is its resistance , and .ii

is the photoconductive responsivity.

Equations (101) and (102) and photoconductive responsivity data were

used to calculate D* for the photoconductivity specimens 24AA1PC1 ,

24B16PC1, and 24AB14PC2. The results are summarized in Table 15. The

responsivity values in Table 15 are either the values for the maximum bias

vol tage  used or the b i a s  voltage at  w h i c h  d e p a r t u r e  f rom a l inear  vo l t—

ampere characteristic began. It mus t be emphasized that the sample geometry,

thickness , surfact- treatment , and lead contacts were not optimized to

obtain the hi ghest possible responsivity or detectivity. Time was not

sufficient to deve lop the surface—treatment , surface—passivation , and

lead—bonding methods that are required for fabricating high—responsivity,

low—NEP detector elements from Hg Cd Se crystals. We believe that thel-x x
D* values in Table 15 represent l ower l imits and that higher D* values can

- - - 16 3be obtained f i r m  H g Cd Se t ha t  h a s  1 x 10 e lectrons/cm
l—x x
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TABLE 15 CALCULATED DETECTIVITY FOR JOHNSON-NOISE-LIMITED
CONDITION OF Hgi~~Cd~ Se PHOTO-HALL-BAR ELEMENTS

Samp le Mi~. 
Photo- Cilculated

Sample thickn ess fraction of Temperature Resistance Bias voltage Wavelength conduc t ive detect iv ity . D
00. CdSe. rSIpOfl hivity

(mm ) (K) (I?~ IV) )~1m) (V/W) (cm- Hz ’~IW)

24AA 1PC 1 0.005 0.352 71 260 3.5 2.65 102 1 . 3 ~ 10 10

5 230 2.5 3.08 720 4.O x 10 11

24A816PC 1 0.0015 0.328 77 217 1 .5 3 15 70 8. 4 10~

24AB 14PC2 0.020 0251 77 60  0.50 495  0.24 1.8 ~ 108

5 3.4 020 5.65 0.22 9.6 x 108

Itt the wavelength region of 2 . 6 — 5  pm , respons ivity values up to 100 V/W

were measured for  H g 1 
Cd Se c rys t a l s  at  77 K. The responsivity of

Hg Cd Se detector elements can be made much higher if the extrinsicl— x x
electron concen t ra t ion  can be reduced and sur face  e f f e c t s  can be minimized.

At a 77 K operating temperature , the detectivity (D*) values calculated

from the photoconductive response of Hg1 Cd Se crystals ranged from

1.8 x io8 to 1.3 x io lO cm.Hzl
~
2/W. At 5 K, the responsivities were as

high as 720 V/W and the calculated D* values ranged from 9.6 x 10
8 to

4.0 x 1011 cm.Hz1
~
’2/W. At a wavelength of 3.0 pm , the 300 K background

12 l/~limiting value of D* is I x 10 cm Hz /W for an ideal photoconductor with a

2ii sr field of view. The D* values obtained for the Hg Cd Se alloysl—x x
at this stage of their development are encouraging because a decrease

of their extrinsic electron concentration to 3 x lO
15cm ~~

, which is only

a few times smaller than concentrations routinely achieved now , will

increase their D* values to the theoretical limit.
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10. CONCLUSIONS

10. 1 ( ‘ ( ij s t - i ) La .~ ranr of t i re  i~~~~-—CdS e ~~~ystems

Tire experimentally—determined li quid us and solidus curves for the

pseudobin arv iIgSc—CdSe system are calculable from the theory of ideal

solu  t ions  and the t i r e  r m r ) d y r m a n z i  c dat a f o r  Hg~~. - and CdSe i f m i n o r  correc-

tions are made to account for small contributions to the entropy of mixing

from interatomic—fo rce changes. The liquidus tempe rature—composition

curve implit- s a value for the entropy of mixing of —2.69[x(1—xfl J/mol ,

and the solidus curve conforms closel y w ith that of an ideal solution . The

ideal—solu tion behavior of the sol id  HgSe—CdSe solutions is consistent

wi th tire small  -~ariati0n with -i x of tire interatomic spacing.

The Hg
1 

Cd Se alloys wi th x -
~ 0.55 crystallize from the melt with the

cubi c z i n c b l e n d e  st r ucture , and alloys with x -, 0.55 crystallize from the

mel t with the hexagonal wurtzite structure. All compositions of Hg
1 ~

Cd
~

Se

alloys that can be used for infrared detection crystallize with the zinc—

biende structure.

The solid phrase of Hg
1 

Cd Se tna t is in equilibrium with the liquid

phase transforms by peritectic reaction at 947 t 4°C from the zincblende

to the wurtz . te crystal—structure .

The narrow miscibili ty gap in t im e solid phase be tween the zincblende

and wurtzite cryst;mllographic phases has no perceptible effect on the

solidus curve for time HgSe—CdSe sstem.

10.2 Alloy~ P~~~p a ra t i on and Crysta1-Crowth MeUrod s

The H g 1 Cd Se a l loys  w i t h  0 < x < 0 .6  can be prepared by reac t ing

the constituent elements in sealed , evac ua ted , quartz capsules.

Sing le crys tals of Hg1 
C d S e alloys can he grown by the Brid gma n

method. Sing l e crystals 1 cm diam and 14 cm long were prepared under a

varie ty of temperature gradients and grow th rates.

The radial , c o m p o s i t i o n a l  homogeneit y of Sridgman—grown crystals is

grea te r  f o r  l a rge r  t e m p e r a t u r e — g r a d i e n t s  a t  the solid—li quid in terface

d u r i n g  c ry s t a l  g r o w t h .

The pr essure of the vapor in equilibrium with stolchlometric , mol ten

Hg
1 

Cd Se increases from 5.5 MPa (55 atm) for x = 0 to 15 MPa (150 a tm)

for = 0.33.
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10. ; cr y s t a l  Prep ara t ions and C h a r a c t e r i z a t i o n

The averagt- x-— va lue  for  a Hg 1 Cd Se crys ta l  or slice can be determined

wi th precision from Its mass density. The crystalline perfection , density

of  low—angle  g r a i n  boundar ies , angular  misor ienta t ion  of grains , and

crvstallographlt- orientation of Hg
1 

Cd Se crystal slices can be determined

f rom Laue x — r a y  topographs .

The compositional homogeneity of Hg
1 

Cd Se crystal slices can be

quantitatively determined from measurements of the infrared transmission

edge at 300 K for 1 mm diam areas at regularl y spaced locations on each

slice.

Hg
1 Cd Se crystals as—grown from the melt are n—type and have

extrinsic—electron concentrations that range from 3 x 1018 cm 3 for x = 0

to as low as 1.3 x 1016 cm 3 for alloys with x < 0.4.

The annealing in vacuum at 200— 300°C of Hg1 Cd Se crystals typ ically

reduces their extrinsic—electron concentration by an order of magnitude

and doubles the low—temperature electron mobility.

The annealing of Hg
1 

Cd Se crystals at 200—300°C in Se vapor does

not significantl y alter the extrinsic—electron concentration but does

increase the ratio of the electron mobility at 4.2 K to the mobility at 300 K.

Hg
1 Cd Se crystals that were prepared from 99.9999% pure consti-

tuent—elements had tens of parts—per—million impurity concentrations

according to emission—spectrographic analyses.

10.4 Electrical Properties of the Hg Cd Se Alloys
_________ ______ ______ l—x x -

Hg 1 Cd Se all oys a re In v a r i a b l y n—type , wi t h conduc t ion—elec t ron

concentra t ions  from 3 x 1018 cm 3 in as—grown H gSe (x = 0 ) to as low as

1.3 x 1016 cm 3 in as—grown a l loys  w i t h  x < 0 .4 .  The conduc t ion—elec t rons

in as—grown Hg 1 Cd Se a l loys are a p p a r e n t l y  tire resul t  of H g in excess of

sto ichiometry .

The conduction—ele ctron mobilit y for a fixed electron concentration

decreases as x increases ( for  x > 0.1).

The conduc t ion—elec t ron  mob i l i t y  fo r a f ixed x—val u e  increases  as

t he electron concent ra t ion  decreases.

The conduction—electron mobility i s limited at low tempe .ratures by

i o n i z e d — i m p u r i t y  s c a t t e r i n g  and at 300 K by l a t t i c e  s c a t t e r i n g .
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10. 5 In Ira rt.-d \hso rp tio ir and De~~~ dence ~~f I y ~~~~~c on ço~po_si t ion of

H g Cd Se A l loys
l -x  x

Tire i-Imergv— gap values d e t e r m i n e d  f ront  ab sorp t ance  s p e c t r a  of

Hg 1 Cd Se a l l o y s  w i t h  0.15 ‘- x ‘- 0 .37  are s l i g h t l y  smaller  than va lues
obtained by u r n -ar interpolations between the  energy—gaps  of HgSe and CdSe .

Time r~ir e r g v  gap  i m n cr e a s e s  as the temperature increases f rom 5 to 300 K

for Hg
1 

Cd S1 a l l oy s  w i t h  0.15 -
~ x < 0.37 , and the temperature coefficient

of the  energy gap  dcc r eas t-s as x increases .  Time func t iona l  r e la t ionsh ips

b etw~ i ’ t- l r e m g v  gap ,  E
~~, 

i n e l e c t  r on v olt s  and x fo r  0 ~ x < 0.3  are E
~ 

= —0.195

+ ~~~~~~ at 5(1 C , C . — O . l _ ~5 -f 1. lrCx at  2 0) )  K , and E
~ 

= — O . iJh I + 1. 57x

at 1)))) K.

— The b a n d — s t  ructur t- theoret [cal model developed fo r  InSh I iL s  t i m e

e x ( t - r i m e i r t ~r l  da t a  f o r  the  Cd Se al loys .

10.6 l o t  r a r e d  P t m o t r o e r r d r i r .t  i v l t v

the  j u t  r ;m r i -d p i m o t o c o n d u c t i ve r e s pon s i v i t y  of Hg 3 Cd~
Se is a ma ximum

at  a w a v e l e n g t h  c t r r r e sp o n d ln g  t o  the sum of t ime band—gap energy and the

Fermi e n e r g y  0) c cn d u ct  ion—band e l e c t r o n s .

ihe - exr. i-s~ c a r r i e r  l i l t - t i m e  as determined from photoconductivity

t i m e — r c s p r u - .e - r ~c , r s r m r e m e n t s  is l i m i te d  at  77 and 300 K b y r a d i a t i v e  recom—

b i n a t i o n  ot  t - L t t r o n — h m o l t - p a i r s .  Belo w 30 K , the  excess ca rr ier l i f e t ime

I h igir becau-~,- ~ m i n o r  i t v — c a  r r  i t - r  t r app ing.

10.7 D e v i ’  e F c . r ~— i ) j  l i t y

h it - 77 K i n f r a r e d  ph o t o c o n d u c t i v e  d e t e c t i v i t y  of Hg
1 

Cd Se alloys

with rp~r roxlmate1y uo l6 
conduction—electrons per cm 3 is between 1 and 2

orders of magnitude lower than  the theoretical maximum for 300 K back-
ground opt-ration at wavelengths between 2.5 and 5 pm. Because the photo—

conduc t ive rt-sponsfvity of the Hg
1 

Cd Se alloys is inversely proportional

t o  t i m e  s q uar e  of ti ti- conduct i o n — e l e c t ron  c o n c e n t r a t i o n , the detectivi t wil l

he the the oretical maximum for alloys that h ave approximately 5 x io15

electron concentrations per cm3.

A d d i t i o n a l  deve lopmen t  is requi red  to prepare p u r i f i e d  Hg
1 Cd

~~
Se

alloys with conduction—electron concentrations smaller than 5 x 1015 cn~~
3 .

Methods also must be developed to chemically dope H~1~~Cd~ Se to compensate

the excess donors and to convert time material from n—type to p—type .
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Unlike other semiconductor alloys for which the crystal lattice constant

varies with composition and local variations of composition cause severe

strains in the crystals and can preclude the growth of large crystal grains ,

the variation with x of the lattice constant is negligible for the zincblende

form of Hg
1 Cd Se alloys . Even if HgCdSe melts are rapidly cooled and

have local variations of composition , there is no barrier to tire formation

of large single crystals. The dendritic growth that accompanies constitu-

tional supercooling necd not disrupt the crystal lattice formations in the

case of HgCdSe alloys; the dendrites may have a considerab ly different

composition than the surrounding alloy but yet have the same crystalline

orientation . For this reason , the growth of HgCdSe single crystals by

the Brid gman method merits continued development. Fast growtir rates

through large temperature gradients may y ield large single crystals that

are inhomogeni-cus only on a microscop ic scale , Subsequent hig h—temperature

annealing for relativel y short t imes could then be effective in homogenizing

the composition of the single—crystalline ingot or slices from the ingot.

The research reported here has demonstrated that the development of

Hg
1 n d  St f o r  infrared sensor app lications is feasible. The suggested

additiona l developmental work can make possible the fabrication of high—

dete~ t ivi t v  and large—area photoconductive detectors.
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